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REMARKS 

Applicant confirms election of the single species Gadolinium (Gd^"^ with traverse. 
Applicant, however, respectfully requests reconsideration of the election requirement. The 
claims as amended herein are directed to methods of treating glaucoma by administering at 
least one compound that blocks stretch-activated channels of eye retinal ganglion cells and 
compositions and devices comprising at least one compound that blocks stretch-activated 
channels of eye retinal ganglion cells, which may be useful in such methods. The 
specification provides a number of examples of compounds that may have this activity. 
These compounds are related by a generic function. Applicants submit that a reasonable 
number of species are presented in claims 1 1 and 14 and reserve the right to request 
reconsideration and rejoinder of the remaining species in accordance with 37 C.F.R. § 1.141. 

A, Informalities 

The Office Action of April 19, 2004 indicated that the references cited in the 
Invention Disclosure Statement filed October 18, 2002, which were made of record in the 
parent application, were not present in the parent file. Applicant submits herewith as 
Attachment A copies of the references that were not readily retrievable by the Examiner (Cl- 
C7). Applicant request that the Examiner acknowledge that she reviewed the documents by 
initialing the Form 1449 provided with the Invention Disclosure Statement of October 18, 
2002. If the Examiner would like a new form to initial, the undersigned Applicant's 
representative will gladly provide one to the Examiner. 

In the Response to the Restriction Requirement of August 28, 2003, Applicant 
canceled claims 1, 2, 4-9. Under current PTO procedure, the non-elected claims should have 
been considered withdrawn. Applicant re-introduces the non-elected claims as new claims 
15-22. New claims 15-16 correspond to non-elected claims 1 and 2, respectively. New 
claims 17-22 correspond to non-elected claims 4-9, respectively. Because the new claims are 
directed to non-elected subject matter, they are also hsted as withdrawn. 

Claim 3 has been amended to supply the missing term. Support for this amendment 
can be found throughout the specification, e.g., at least at page 4, lines 1 1-16, and page 9, 
lines 1-9. 

Claims 1 1 and 14 are amended herein to correct a typographical error. The amended 

claims recite the correct spelling of "colchicine." 
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Claim 12 is amended herein such that it is directed to an eye drop solution for the 
treatment of glaucoma having a concentration of at least one compound which blocks stretch 
activated channels of eye retinal ganglion cells sufficient to protect the cells from apoptotic 
cell death when administered to such cells. Support for the amendment can be found 
throughout the specification, e.g., at least at page 8, lines 14 30. 

Claims 13 is amended to a Jepson-type claim directed to a device for administering 
solution to the eye, wherem the improvement comprises the eye drop solution of claim 12. 
Support for this amendment can be found throughout the specification, e.g., at least at page 8. 
line 14, to page 9, line 15. 

Claim 14 as amended herein to correctly recite "eye drop solution of claim 12" rather 
than "method of claim 12." 

B. Outstanding Rejections 

Claims 3, and 10-14 stand rejected under an alleged judicially created doctrine as 
being drawn to an improper Markush group. 

Claims 3 and 10-14 stand rejected under 35 U.S.C. § 1 12, first paragraph, as allegedly 
lacking written description. 

Claims 3 and 10-14 also stand rejected under 35 U.S.C. § 1 12, first paragraph, as 
allegedly lacking enablement. 

Claim 12 stands rejected under 35 U.S.C. § 102(b) as allegedly anticipated by 
Calabrese et al. 

C. Patentability Arguments 

1. The improper Markush proup reje ction should be withdrawn 

Claims 3, and 10-14 stand rejected under an alleged judicially created doctrine as 
being drawn to an improper Markush group. The rejection, however, fails to provide the 
judicial basis for the rejection. Without the judicial basis for the rejection. Applicant is 
unable to address the issue. Applicant respectfully requests clarification of the rejection. 
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The members of the Markush group share the common utiUty of blocking stretch 
activated channels of eye retinal ganglion cells. In regards to the present invention, they are 
functionally equivalent. The Examiner argues that the members of the Markush group are 
patentably distinct from each other. The fact that members of a genus may be patentably 
distinct does not render the genus improper. As stated in MPEP § 806.04(d): 

For the purpose of obtaining claims to more than one species in the same 
case, the generic claim cannot include limitations not present in each of the 
added species claims. Otherwise stated, the claims to the species which can 
be included in a case in addition to a single species must contain all the 
limitations of the generic claim. 
The Markush group to compounds, which block stretch-activated channels in eye retinal 
gangUon cells, sets forth species having common utiUty and such individual species claims 
contained therein contain all the limitations of the generic claim. To limit the claim to the 
single elected species would be improper. AppUcant respectfully requests withdrawal of the 
rejection of claims 3 and 10-14 under an aUeged judicially created doctrine as being drawn t< 
an improper Markush group. 



2. The written descrintion rejection under 35 T J.S.C. 8 112. first paragraph should be 
withdrawn 

Claims 3 and 10-14 stand rejected for allegedly lacking written description as to the 
phrase, "other pressure sensitive mechanisms of retinal ganglion cells." Applicant 
respectfully traverses the rejection. In order to expedite prosecution of the claims, however. 
Applicant has amended the claims herein to remove the phrase, rendering the rejection moot. 
Applicant reserves the right to pursue the subject matter of the prior claims in future 
prosecution. The rejection of claims 3 and 10-14 under 35 U.S.C. § 1 12, first paragraph 
should be withdrawn. 

3. The enablement reiection under 35 U.S. C. S 112. first paragraph, should be 
withdrawn 

Claims 3 and 10-14 stand rejected under 35 U.S.C. § 1 12, first paragraph, as allegedly 
not enabled by the specification. Specifically, the rejection states, "[t]he specification 
provides neither support for administration of Gadolinium for treatment of glaucoma nor 
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support for compositions comprising Gadolinium as an eye drop or systemic preparation. 
Applicant respectfully disagrees. 

At pages 8-10 of the specification there is included a description of how to make 
formulations containing any of the stretch-activated channel blocking agents. This 
description encompasses Usts of suitable carriers, buffers, diluents, stabiUsers and the like. 
Furthemiore, there is a description as to the amount of any particular compound necessary to 
protect neural tissue fi-om pressure-induced apoptotic ceU death, which includes reference to 
the various factors that should be taken into account, including the location of the tissue and 
the severity of the condition being treated. 

The skilled person, whom the Examiner has conceded would be a skilled 
ophthahnologist with a Ph.D. or M.D., would possess a high degree of knowledge regarding 
the formulation of compounds and compositions for topical administration to the eye, or for 
systemic administration for ocular conditions. This skilled person would be further guided 
by the description in the present appUcation, and be readily able to formulate the compounds 
and compositions for the treatment of glaucoma as therapeutically appropriate vehicles. 
While it is conceded that a small degree of testing would be required in order to estabUsh that 
these therapeutic vehicles were of the appropriate dosage and formulation, this would not fall 
within the scope of experimentation set out by In re Wands. 8 USPQ2d 1400. Indeed, the 
testing that would be necessary to be performed by the skilled person would merely represent 
routine trial and experimentation, and would not involve any undue physical or mental effort. 

The potency of many of the compounds recited in the claims (i.e,. as stretch-activated 
channel blockers), is akeady known. Furthermore, this potency value may be readily 
calculated. Indeed, it is a matter of routine to measure the potency of any particular 
compound, for example, a stretch-activated receptor blocker, using a simple, in vitro, dose- 
response type experiment, e.g., the apoptotic assay described on page 7, line 20-27. 
Furthermore, topical absorption across ocular membranes is known for many of the 
compounds, and can be readily tested by routine experimentation using organ-bath type 
experiments. Such simple experiments would permit the skilled person to approximate the 
amount of the compound or composition of interest that would be necessary to be provided as 
a topical eye drop. 
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Furthermore, the systemic bioavailability and inter-compartmental distribution of the 
compounds of the claims are known, such that the skilled person, when wanting to formulate 
a systemic delivery vehicle, could readily calculate the amount of compound necessary for 
such administration, so that a therapeutically efficacious dose can be delivered to the eye via 
systemic administration. Bioavailability and biodistribution studies are also a matter of 
routine experimentation in the field of ophthalmology and compound formulation. Such 
experiments involve administration of set dosages of a compound of interest to a laboratory 
mammal, the animal then being sacrificed and the amount of the compoimd of interest and/or 
its metabolites being assessed in tissues of interest. 

Accordingly, using such routine experimentation the amoimt of the stretch-activated 
channel blocking compound, or composition, suitable for systemic administration, could be 
readily determined. Again, this routine experimentation cannot be said to constitute imdue 
experimentation for the skilled person. Applicant respectfully requests withdrawal of the 
rejection of claims 3 and 10-14 under 35 U.S.C. § 1 12, first paragraph, for lack of 
enablement. 

4. The rejection under 35 U.S.C. $ 102(b) should be withdrawn 

Claim 12 stands rejected imder 35 U.S.C. § 102(b) as allegedly anticipated by 
Calabrese et aL In order for a claim to be anticipated, a single item of prior art must disclose 
each element of the claim. See Hybritech Inc. v. Monoclonal Antibodies, Inc., 231 
U.S.P.Q.2d 81, 90 (Fed. Cir. 1986). AppHcant has amended claim 12 to specifically clarify 
that the the subject matter being claimed is an eve drop solution , and the claim expressly 
recites that the solution contains at least one compoimd which blocks stretch activated 
channels of eye retinal ganglion cells. Calabrese et al. cannot serve as a legitimate 
anticipatory reference for the subject matter being claimed in claim 12 because this reference 
fails to teach an eye drop solution for the treatment of gluacoma. One skilled in the art would 
not recognize that the solutions used in the in vitro experiments disclosed in Calabrese et al. 
could or should be formulated as eye drops for the treatment of glaucoma. Applicants 
respectfully request that 35 U.S.C. § 102(b) rejection based on Calabrese et al. be withdrawn 
in view of the amendment to claim 12 and the comments provided above. 
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In view of tiie above amendment, apphaaat believes the pending application is 



in condition for allowance. 



Dated: October 19, 2004 



Respectfully subi 




B y ^/ 
Thomas J.'Wrop^, Ph.D. 

RegistraticmNo.: 44,410 
MARSHALL, GERSTEIN & BORUN LLP 
233 S. Wacker Drive, Suite 6300 
Sears Tower 

Chicago, Illinois 60606-6357 

(312)474-6300 

Attorney for Applicant 
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Pressure Related Apoptosis in Neuronal 
Cell Lines 



Ashish A^ar,^-^ Sonia S. Yip/ Mark A. Hill.'* and Minas T. Coroneo^ 

'Cell Biology Lab. School of Anatomy, Universicy of New South Wales. Sydney, Australia 

'Deparcment of Ophthalmology, Prince of Wales Hospital, University of New South Wales, Sydney. Austnllia 



Pressure is a crucial component of the cellular environ- 
ment, andj can lead to pathology if it varies beyond its 
normal rarjige. The increased intra-ocular pressures in 
acute glaupoma are associated with the loss of neurons 
by apoptojsis. Little is known regarding the Interaction 
between f^essure and apoptosis at the level of the cell. 
The modelj developed In this study examines the effects 
of elevated ambient hydrostatic pressure directly upon 
cultured neuronal lines. Conditions were selected to be 
within phyisiological limits: 100 mmHg over and above 
atmospher)c pressure for a period of 2 hr, as seen clini* 
cally In acute glaucoma. This system can be used to 
investigate! pressure relatively independently of other 
variables. Neuronal cell line cultures (B35 and PCI 2) 
were subjected to pressure conditions in specially de- 
signed pressure chambers. Controls were treated iden- 
tically, except for the application of pressure, and posi- 
tive contrbis were treated^ with a known apoptotic 
stimulus, /j^poptosis was detected by cell morphology 
changes and by 2 specific apoptotic markers: TUNEL 
(Terminal transferase dL/TP A/ick-End Labeling) and An- 
nexin V. These fluorescent markers were detected and 
quantified by automated Laser Scanning Cytometry. All 
techniquesj showed that increased pressure was associ- 
ated with a|greater level of apoptosis compared to equiv- 
alent controls. Our results suggest that pressure alone 
may act a^ a stimulus for apoptosis in neuronal cell 
cultures. T^is raises the possibility of a more direct rela- 
tionship at ithe cellular level between pressure and neu- 
ronal loss. jJ. Neurosci. Res. 60:495-503, 2000. 
e 2000 Wileyitiss, Inc. 

i 

Key words; hydrostatic pressure; pressure chamber; 
glaucoma: (neuronal cuhure; apoptosis; laser scanning 
cytometer \ 



Induced increases in lOP in animal models have 
been shown co result in the loss of| RGCs, confirming the 
relationship seen in clinical glaucoma (Nickells, 1996). 
These studies have revealed the major mode of RGC loss 
to be via apoptosis, the genetically programmed form of 
cell death. Recendy this has also been validated in human 
glaucoma (Kerrigan et al., 1997).; The molecular cvcna 
that result in apoptosis can be initiated by a variety of 
stimuli (Nickells, 1996). : 

This mechanism, whereby anjincreasc in lOP tri^ers 
events that damage and then destrdy RGCs, remains to be 
fully explained. Theories of glaucotna pathogenesis include 
mechanodistortion of the optic nerve at its exit from the 
eyeball aflfecting RGC transport methanisms, and compres- 
sion of opdc nerve head microvaiculature compromising 
neuronal circulation (reviewed by;Quigley, 1995). It has 
been rcponed that inhibition of retrograde axonal flow can 
only pardy explain RGC loss post axotomy (Fagiolini et al.. 
1997). There is evidence from other studies that RGC loss 
may be mediated indcpendendy of jthcse mechanisms (Ra- 
dius 1981; Johansson 1983, 1988). Therefore, in addirion co 
the known components of glaucoma pathology, pressure 
may also have some direct efiecc on 'RGC apoptosis. 

Of the few published siudie^ that have applied in- 
creased physiological levels of hydrostatic pressure alone to 
cells in vitro, none have used neurons. In- vitro cultures of 
other cell types have been pbcedi in pressure chambers 
(Kosnosky et al., 1995), and neurons have been subjected 
to pressure conditions in vivo in animal models (Weber et 
al., 1998). Apoptosis has been induiced in cultured neuro- 
blastoma cells, but in response to mechanical shear (Ed- 
wards et al., 1998). A large range of sometimes non- 
physiological pressures have been applied to cell cultures. 
Human lymphoblasts have been subjected to pressures 
*»7000 mmHg, far in excess of those seen in disease states 



Pressure is a fundamental physical quantity, being a 
detemrunant of both the integrity and function of cells 
including neurons. Disorders of this relationship, such as 
when pressures vary beyond physiological limits, can thus 
lead to disease states. In the ocular disease glaucoma, for 
example, thje most frequent and important association is 
that of raisdd intraocular pressure (I OP), either acute or 
chronic (Arpialy et al., 1980). This disease is characterized 
by the progressive loss of Retinal Ganglion Cells (RGCs). 



Abbreviations: CI, j^een inicgnl; CMP, g^een niax pixd; lOP. incra ocular 
pressure; LSC, laser scanning cytomcccr; PI, propidium iodide; RGC, 
rccinal ganglion ccU; TUNEL. ccrminal nrarufetase dUTP nick-end labeling. 
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ading glaucoma (Tjakano, et al, 1997). Significandy, 
experiment has demonstrated that pressure can be an 
rpendenc stimulus for inducing apoptosis. 

This current study investigates the cfFcct of elevated 
roscacic pressure in: vitro on neuronal cell lines. The 
^rimenul parameters were selected to simulate the 
wn clinical scenario of acute glaucoma. Our initial 
arch, presented here, investigated a single pressure 
ation and duration at physiological levels, relevant to 
i-ocular pressures jseen in this disease. Cultures of 
ronal cell lines wete exposed to an increased ambient 
rostatic pressure of ilOO mmHg for 2 hr. The cells were 
1 assessed for apoptosis morphologically and by means 
pecific fluorescent jmarkers of apoptosis. 

MAT£RI>iLS AND METHODS 
I Culture 

Cell cultures were {generated using the neuroblastoma cell 
B35, derived from the rat central nervous system (Schubert 
4). Cells were grownjin Dulbccco*s modified Eagle medium 
/lEM, Gibco) supplehicntcd with 10% heat inactivated fecal 
serum (Gibco) and 1% penicillin/streptomycin: 

As B35 cells are not post-mitotic and continue to prolif- 
e, wc have also used a second neuronal cell line PC 12 
scnc and Tischler, 1976). These cells were differentiated in 
o to produce neurons that had e5ciced the cell cycle (Michel 
I., 1995). Undifferentiated PCI 2 cultures were maintained in 
lEM with 5% fetal calf serum and 10% heat inactivated horse 
im (Gibco). PC12 cultures were cultured in DN4£M with 
heat inactivated horse serum supplemented with 1 n\M 
>utyryl cAMP (Sigrnaj) and 50 ng/nnL NGF (kindly provided 
Prof. I. Hendry) for 3 days to induce differentiation. 

Neurons were plated (lO,000/cm^) onto poly-L-lysine 
ced glass covcrslips in 24-weU culture dishes. Neuronal cul- 
» were grown in 250 yuL of growth media per well» and 
abated at 37**C in 5% COj and air. 

i 

»sure System ; 

Specialised pressure chambers were designed based upon a 
pie model described' previously for use with cell cultures 
mpio ct al.. 1994; SCosnosky et al., 1995; Mattana ct al, 
)6)- Briefly, a Perspex and glass chamber was constructed 
h gas inlet and flow yalves incorporated for connection to a 
/-pressure regulator (BOC Gases). The chamber could be 
ssurized with a 5%jC02 and air gas mix to a constant 
Irostacic pressure ranging from 0-200 mmHg. Pressure levels 
re monitored continiiously by mercury column barometer, 
:h atmospheric pressure (760 nunHg) calibrated to 0 mmHg. 
mpression and decompression to 100 nunHg (over and above 
lospheric pressure) was attained over 30 sec. The apparatus 
s equilibrated and maintained within an electronically con- 
Ucd CO< incubator at 37«C (Nuaire NU4500E). 

The possibility that increased hydrostatic pressure could 
5r gas exchange was lassessed. Culture growth medium was 
iplcd in pressure and control cultures before and immediately 
5r the 2 hr pressuriiation, and at subsequent timcpoints« 
;a3V»rcmcntt for pH, pCO^ i»»^d pO^ analysis were done by scat 

analyser (Radiometer ABL 725), 



Experimental Protocol 

Experimental neuronal culture dishes were placed within 
the pressure chamber and the gas mix was then i^essurized to 
subject the celb to condiuons of 100 mmHg for 2 hr, simulating 
conditions analogous to acute glaucoma. After this period of 
pressure elevation cultures were restored to atmospheric pressure 
and the culture dishes removed from the chamber and incubated 
for a further 24 hr. Control neuronal culture dishes! were treated 
idenricaily. being placed within the pressure chamber bur with- 
out the application of pressure. At serial rimcpoints of 2, 6 and 
20 or 24 hr after initiation of pressure, duplicate cpverslips were 
removed for analysis. These were fixed for DNA fragmentation 
assays and morphological examinadon, or stained live for the 
Anncxin V assay before fixation. Cell fixation used in all cxpcr- 
imencs was 4% w/v paraformaldehyde in phosphate buffered 
saline pH 7.5 for 10 min. 

A maximum apoptosis control for die B35 jcell line was 
csrablisKed in each experiment by treannent with ethanol (Fig. 1 A), 
a known stimulator of apoptosis (De ct al.. 1994; Oberdoeister et 
al., 1998; Miaushima ct al., 1999). This enabled validarion in each 
experiment of the various apoptosU detection mediods. Initial 
studies using a range of culture timepoints. cstabliihed maximal 
inducible apoptosis wJdi 5% ethanol treatment after 2 hr (data not 
shown). These cultures were used in both apoptosis, marker assays 
(TUNEL and Anncxin V) as a positive 'maximum cell death' 
control for each experiment. Ethanol trcacmenr ofj diflfcrcntiated 
PC12 neurons led to excessive cell loss by detachment. In PC12 
experiments a futcd control culture was treated wlcH DNase (Pro- 
mega) for 25 min at room tcmpcranirc to elicit nvusin"! TUNEL 
signal. Using this data results were nomnalizcd to Sthe cell line's 
maximal apoptosis control widiin each experiment, allowing com- 
parison between the experiments. 

Apoptosis Detection i 

Morphologically apoptosis is characterized ^y progressive 
condensation of the cytoplasm and nucleus, followed by frag- 
mentation and phagocytosis by other cells (Majno and Joris, 
1995). In neurons there is also seen a withdrawal of cell processes 
and a "blebbing" or "budding" of the cell mcmbiiane. Neurons 
were examined by phase contrast microscopy for; these feamres 
of apoptosis and to allow identification of necrotic cells. 

TUNEL is a well-established assay for the detection of 
apoptosis. Endonuclease activation in the nucleus! cleaves DNA 
into segments that can be labeled by terminal trarisfcrasc dUTP 
nick-end labeling (Ben-Sasson et al., 1995). Aft^r fixation ad- 
herent cells on the coveislips were assayed for TUNEL using 
direct binding fluorcsccin-conjugated dUTP (^een fluoro- 
chrome), with propidium iodide (PI) providing the red coun- 
tcrstain, as described by the in situ detection kit (Promega). 
Mounted coversHps were then analyzed by fluorescent micros- 
copy and laser scanning cytometry. ; 

To complement the detection of later nuclear changes asso- 
ciated v^hth apoptosis measured by TUNEL, a rebtively early 
marker of apoptosis was also studied. Annexin V detects one of the 
eadiest molecular events in apoptosis, the translocation of 
phosphatidyl-serine to the outer leaflet of the cell inembrane (van 
Enyclnnd cc al., l996). The seaining procedure wasicarried out on 
live ccUs vising a direct binding Anncxin V-FITC iconjugatc, ac- 
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cording to Jthe protocol supplied with the detection kit (Zymed). 
Countentaming live cells with PI enables necrotic ccUs to be 
dwdnguished by the dye exclusion principle. Cells were then ana- 
lyzed by Hulorescent microscopy ,ind laser scanning cytometry, with 
or without jfixation and mounting of the covcnlip. 

Analysis I 

Mo q^ho logical assessment was carried out using an Olym- 
pus IX-70 phase contrast microscope with NIH Image (version 
1,61) sofcwjare. Visuali2ation of Anncxin V and TUNEL apo- 
ptosM marlcers was performed with a confocal Laser Scanning 
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figure 2. (Legend on following page.) 



Fig. 1. (A) Echaiiol (poiiuve control) neurons. Immunofluorescenc 
images of cultured B35 neurons treated with 5% ethanol for 2 hr. a 
known snxnulus of apopcosis. Cells sraincd with TUNEL assay for DNA 
fragmenurion (green). Coimterst;iin with propidiuni iodide (red). 
Ethanoi treacmcm gave maximal fluorochromc signal strength, with 
incense green and red signals appearing as yellow. Neurons sliow high 
level of apopcosb. with Strongly positive njiiclei for TUNEL marker, 
and chromadn condcruacion also evident in some nuclei. Remainder of 
cells in late stage apoptosis show morphological features of shrunken 
cell body, loss of processes and membrane blebs. Scale bar =10 ^jim. 
(B) Control neurons. B35 neural Cell line maincained in pressure 
chamber apparatus for 2 hr but noc Subject to increased pressure 
conditions. TUNEL a^say and propidiuoi : iodide scnining. Neurons 
show generally normal morphology and little or no nuclear scaining for 
DNA fragmenwcion. Note ccncraliy located cell showing weakly 
TUNEL positive nucleus. (C) Neurons subject to prc$s\ire conditions. 
B35 neural cell line after 2 hr of elevated anfibicnt hydrostatic pressure 
(fine tiniepoinr). Cells assayed with TUNEL (green) and cou nee (Stained 
with propidium iodide (red). Neurons show increased level of DNA 
fragnicnraiion and son« chromatin condensincion as detected by fluo- 
rescent label compared to controls (B). 
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.4icro5copc (OlympJs GB200). Quantitative deienninntjon of 
hesc fluorochromes,j as well as concurrent morphological in- 
pcciion. was made pbssiblc using the relatively new technique 
)flaser scanning cytometry (laser scanning cytometer. or LSC, 
::on\pucyte, USA) i$at allows nutonwced analysis of adherent 
iuorescenily labeled tells. Recently che LSC has been demon- 
trated to be an accurate tool for the detection of apoptosis using 
>oth markcR employed in this study (Schuttc ct al., 1998; 
Darzynkicwicz et al.,! 1998), 

Fluorescein isochiocyanatc or FITC is the hapten label in 
>oth Annexin and TUNEL assays. The LSC Argon laser was set 
:o 488 nm and apprdpriatc sensors selected for the FITC fluo- 
rochrome, to detect aind measure this green fluorescent marker. 
Inocc red PI intensity not measured). FITC label intensity is 
rneasurcd and cell values determined for two parameters. Green 
max pixel (GMP) or ^uorescencc peak reflects the highest value 
within a cell. Hyperchromicity of DNA in condensed chroma- 
:in of apoptotic celisl can be recognized by high GMP values 
with the nuclear TUNEL assay. Membrane bound Annexin V 
iabel also gives high readings for apoptotic cells, as other cells do 
noc stain or do so at a significantly lower intensity. The sum of 
che signal value for all pixcb over threshold for a scanned cell is 
given as the green integral (GI). This measure of total fluores- 
cence is similarly indicative of the degree of labeling (Damynk- 
iewicz et al.. 1998). The spatial X-Y coordinates of each scanned 
cell are recorded. 50 individual neuron can be relocated after 
initial LSC measurernent for visual microscopy. As the resolu- 
tion of the LSC imagie is limited, these features are visualized at 
greater detail via a co-mounted fluorescent microscope. The 
position is recorded and the image then captured digitally using 
the confbcal laser scanning microscope. The LSC determines the 
size of all scanned objects by the number of pixels over thresh- 
old, or the 'fluorescent area.' Visual inspection of cells during 
scanning allowed excliasion of debris and cell clumps on the basis 
of size. Appropriate area limits were then set to select or gate the 
target group of single! cells, seen within the colored rectangular 
reg:ion in the data sc^ttergrams (Fig. 2). 

A total of seven jcxpcrimenis were undertaken with the B3 5 
cells and 3 with the PG12 cell line. Neurons on the coverslips were 
scanned in each of four equal sized quadrants. At each dmepoint in 
each experiment 4 sets of LSC measurements were made, one per 
quadrant. Data were collected for both GMP and GI parameters as 
well as fluorescent areaifor each cell. Absolute measured va.lues were 



Fig. 2. (Figure appeaiji on preceding page.) Typical quantitative 
TUNEL data from LSC analysis of B35 cultures after cthanoK control 
or pressure treatment. | Single scan for green dUTP-FITC fluoro- 
chrome, shown as dispbyed by LSC software. Scattergrams (left col- 
umn) show green max pixel (peak TUNEL label intensity of cell) 
plotted against area (flujorcscent area of scanned cell). Boxed area in 
graph includes only sin'gle cells (red), and excludes cell clumps and 
debris (black). Scaiterg^m data reflected in adjacent histogram (right 
column: note arbiiraryri *Count' scale is sec by LSC software). Colors 
correspond co scaitcrgrarm with red region lying within selected box. 
High apoptosis in ctharlol created culture shown by high fluorescent 
signal (red peak shifted Iright). Corresponding scattcrgram also shows 
strongly fluorescent cells at right within boxed reipon. This pattern is 
seen in pressure treated iccUs but noe control cells. 



TABLE I. Measurement of pH, pCOj and pOa Initially and 



Following 2 hr With or Without Pressure AppHcadon 



Treatment 


Control 


Control 


Pressure 


Time (hr) 
pH 

pCOj (mmHs) 
p02 (mmHg) 


0 

.7.63 z n.02 
27.8 i 0.4 
164 ± 1.4 


2 

7.67 ± 0.04: 
26.1 ± 1.0 ; 
168.5 ± 2.8 1 


2 

7.66 ± 0.04 
25.6 ± 0.4 
168.5 2: 3.8 



Statistical analysis (Student's paired f-test) of these nts^its showed no sig- 
nificant variation in the reading* of pH. pCOj or pO^ following the 
e.xperitncnt,-*! procedure (2 he values) for control or pre.vuro groups, com- 
pared to inidal or 'atmospheric* measurements (P > O.l:to P> 0.5, n = 6). 
Further, after the experimental coodiiions of 1 00 mmHg for 2 hr, the results 
show no sitj^nincanc difference in pCO,, pOj or pH between the pressure 
and control neuronal culturvs (P > 0.5, n 6). 



recorded by the LSC and data analyxed as the av^^ge for die gated 
single cell population. Normalized diXta of pooled results were 
frenerated by comparison of individual absolute nieasuremcnts with 
The averaged positive control (maximal apoptosis) value for that 
experiment. Data could thus be expressed as a rajio of die positive 
control. The quandtativc data arc presented as the: mean ± .ttandanl 
error (SE). Analysis of variance was determined using Student's 
paired ^cest. 

RESULTS 

Pressure System 

Conditions of raised pressure of 100 nimHg were 
attained for 2 hr with a variance of ±2 rnmHg on con- 
tinuous monitoring. Taking into account jthe 0.25 nil of 
culture media per well, experimental pressure conditions 
were thus maintained with a variability of approximately 
±2.25 mmHg, or ±2.25%, for the duration of che exper- 
iment. Stat gas analysis was undertaken on isamples of well 
culture media before the experimental procedure ('atmo- 
spheric* or 0 hr), immediately after pressure conditions of 
100 mmHg for 2 hr (Table 1) and at later cimcpoints (data 
not shown). Analyses for the later timepoints were similar 
to the initial 0 hr findings, with contrdl and pressure 
groups not differing significandy. Scausticil analysis (Stu- 
dent's paired f-test) of pressure and control values for pH, 
pCOj or p02 before (0 hr) and after 2 jhr showed no 
significant differences (P > 0.1 to P > 05.5 respectively, 
n = 6). Furthermore, after the experimental conditions of 
100 mmHg for 2 hr. the results showed; no significant 
difference in pC02. p02 or pH between the pressure and 
control neuronal cultures (P > 0.5, n = 6). 

Morphological Apoptosis Detection 

Apoptosis was confirmed by phase Cfancrast micros- 
copy and fluorescent microscopy (Fig. l).;These findings 
were applicable to both B35 and PCI 2 neuronal cell lines, 
with few subjective differences. MorphoJogical analysis 
revealed several characteristics of apoptpsis including; 
shrunken cell size, plasma membrane blebbing, loss of 
processes, and nuclear condensation. This Combination of 
advanced apoptosis features was most proijiouaced in the 
positive ethanol-trcatcd neurons (Fig. lA). |A greater range 
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of apoptocic morphological features was seen in the con- 
trol (Fig. jlB) and pressure cells (Fig. IC), with aflfecced 
neurons displaying sonie but not all of these features. 
Therefore; using this criteria alone, it would be difficulc to 
quantify ajpoptosis in these cultures. Qualitatively, there 
were fewet cells showing apoptotic morphological features 
in concrolithan pressure conditions. 

Staining of live cells with Annexin V and PI counter* 
stain conflxjnied necrosis as not being significant in the studied 
popularions by PI dye exclusion. Morphologic;il exaininadon 
of randomly selected fields looked for necrotic features such 
as: swelling of both soma and nucleus, plasma membrane 
rupture, vatuoladon or karyolysis. These were uncommon in 
all experimental groups. Neurom in various stages of apo- 
ptosis shovlred features including loss of processes, shrunken 
ceU body, inembrane blebbing and condensed nuclei. 

Confpcal fluorescent microscopy allowed concomi- 
tant examination of both morphology and fluorochrome 
molecular Imarkcr. This generally confirnied the associa- 
tion of visual features of apoptosis with positive labeling 
(Fig- 1) ini individual cells. In a large population of cells 
staining vanability may be a factor, as would the pre.sence 
of a range pf apoptotic stages. 

Quantitative Apoptosis Detection 

QuaWtitarive analysis by LSC revealed detectable dif- 
ferences in; fluorescent label intensity among the experi- 
mental cellj groups (Fig. 2). The ethanol treated positive 
controls recorded significantly higlier values across all ex- 
periments. This was true for both parameters GMP and 
GI. Positivjely staining cells as determined by the LSC 
were also ^xamined for morphology. Visualization con- 
firmed the presence of characteristics of apoptosis such as 
condensed Icells, nuclei and process retraction, as well as 
the high FITC-marker staining in these cells. The tech- 
nique was therefore able to identify and distinguish cells 
positive for the apoptosis markers. 

Dara for all groups is the mean measurement value for 
the scanned] population of sin^e cells. Gl data for TUNEL 
staining on a single B35 run are presented normalized against 
the ethanol I treated positive control (Fig. 3). This illustrates 
the relative staining intensity of the respective neuronal cell 
groups. Neurons subjected to condirions of 100 nuiiHg 
pressure fori 2 hr had higher levels of apoptoric marker 
compared t0 negative control neurons. This was significant at 
the 2 hr timepoint (P < 0.005, n - 4). B35 data was pooled 
for all TUNEL experiments and normalized as previously 
described (Fig, 4). Neurons subjected to pressure conditions 
showed incijeased apoptotic marker intensity compared to 
controls. This result was significant at the 2 hr timepoint for 
both parame'ters GMP (P < 0.05, n = 24) and especially GI 
(P — 0.005, n = 24). Later rimepoincs showed a similar trend 
but with greater variability, such that no significant differ- 
ences were found at 6 hr or 20 hr. Quantiurive data for a 
single B35 nin using Annexin V showed experimental neu- 
rons subjected to pressure conditions had greater values for 
Annexin V staining compared with negative controls (Fig. 5). 
By contrast with the TLTNEL data, this effect was interest^ 
ingly more niarkcd v^th time (20 hr, P < 0.05, n = 4). The 
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Fig. 3. LSC dan for TUNEL apoptosis marker over time for B35 
neurons after concrol, pressure and echanoj (positive concrol) crcacmetu. 
Green integral LSC fluorescent valucA from single experimental run 
normalized to average positive control for chat run (5% cthnnol treat- 
ment for 2 hr to generate maximum detected apopconis). Greacer 
TUNEL labeling of neurons subjccccd co; pressure conditions in com- 
parison to control neurons significant ac 2 hr (P < 0.(K)5. n « 4. 
Concrol bars = ±\ SE). Note that pressure measurements arc always 
higher than the controls at t\\c equivalent time period, though there arc 
variarions of chcsc values with time after crentmenr. 



intensity levels were also increased at the later cimepoincs, for 
both pressure and ncgadve control neurons. Positive control 
data v^^as similarly greater than in other groups. 

PC12 differentiated neurons ihad increased cell sur- 
face areas, compared with rounded undifferentiated PCI 2 
cells/ and expressed neurites. Results for differentiated 
PC 12 neurons show a similar pattehi of increased apopto- 
sis after elevated pressure. Figure 6 .shows GI TUNEL data 
for a single PC12 run normali2ed against the maximal 
apoptosis control of DNase treatment. Apoptosis marker 
intensities for neurons subjected to pressure conditions 
were higher than comparable controls at all timepoincs. 
with significance at 24 hr (P < 0.05, n = 4). Pooled 
TUNEL data for all PC 12 experiments was also normal- 
ized to posidve DNase control (Fig. 7). In these post- 
mitotic neurons the effect was statistically significant at 24 
hr. GI and GMP data showed greater levels of apoptosis 
marker intensity for pressure treated neurons compared to 
controls (significance P < 0.05, n |= 11). 

Discussiok 

This study subjected neuronal cell lines to raised 
pressures and durations similar to j those found in acute 
glaucoma, and found an increase iin neuronal apoptosis 
under these condinons. This effect was noted in both 
proliferadve B35 cells and in differentiated post-niitotic 
PC12 neurons. Apoptosis was confirmed quditatively by 
ceD morphology analysis and quantitatively by two sepa- 
rate specific markers of apoptosis. Laser scanning cytom- 
etry also allowed quandtative analysis of the fluorescent 
labels. These results support earlier findings using this 
experimental model and bioassay (Agar et al., 1999). 

Increased ambient hydrostatic i pressure of a defined 
incubadon gas mix (5% CO2 and air) on a liquid phase 
culture media could alter partial pressures of the vital gases 
O2 and CO2, and through dissolved CO2 on pH, poten- 
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'ig. 4. ApoptosU in B3]5 neurons after 2 hr as mcosurcd by TUNEL 
ising the LSC. An increase in apopcosis in neuronal culmres subjected 
o elevated pressure rejacive to concrol neurons is shown for both 
nea:iure5 of quancitacivc I fluorescence green incci^l (A) and green max 
>ixel (B). Drita is chc nlcan of 7 scpnratc experiments, normalized co 
vcragc value for positivje (ethanol) control. Sigitificance of differences 
or green integral: P = 0,005 <ind green max pLxcl: P < 0.05, (n = 24, 
<alc bars = 2:1 S£). 



ially affecting nAironal viability. Our experiments 
howed no significant difference in pH or the vital gases in 
ulcures subjected ic pressure compared to controls. It 
herefore seems thaic the experimental protocol did not 
ignificandy alter ga^ relationships of the neuronal cultures. 
Vith other parameters constant, this suggests any effects 
loted in cultured njeurons were attributable primarily to 
he altered pressurej conditions. Our findings agree with 
rudies using similar pressure chamber designs with other 
ell types showing aj negligible impact on gas relationships 
t( culture media (Sumpio et al., 1994; Kosnosky et al.. 




Fig. 5. Annexin V apoptosis assay of B35 neuronal 'cultures over time 
After ethanol, prcisurc and concrol treatments. Findings for single ex- 
perimental run show increased, apoptosis for both early (2 hr) and late 
(20 hr) timepoints in neurons subjected to pressur^ conditions com- 
pared to controls. Positive control for maximal apopjtosis induction for 
experiment was 5% ethanol treatment for 2 hr. OifTcrcnccs significant 
at 20 hr (P < 0-05, Scale bars = ±1 SE). Quantitative LSC data 
displayed for green inteviol (averaged label fluorescence for cell) abso- 
lute values for single experiment of 4 measurements. 
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Fig. 6. Apoptosis in diffcrcniiaied PC 12 neurons after control, pressure 
and DNase acatmeni. LSC TUNEL data for single experimental run 
nonnalized to average positive control for that run -(DNase treatment 
for 25 iTiin to generate ma:cimum detected apoptosis)! Greater apoptosis 
marker bbcUng of neurons subjected to pressure conditions in com- 
parison to control neurons significant at 24 hr (P < 0.05, n = 4, Scale 
bars = SE). TUNEL values for pressure created neurons arc always 
higher than equivalent controb. with the difference Increasingly appar- 
ent with time after treatment. 



1995; Maccana and Singhal 1995; Qian et al., 1999). Rel- 
atively small variations of pH, pCOo and have been 
noted but were not considered to have affected viability in 
endothelial cells (Sumpio et al., 1994). Other studies on 
mesangial cells jfound small but statistically significant 
changes in pC02 and pH, but none in pOj. A series of 
experiments were then run with culture m^dia adjusted to 
various pH levels to assess the impact of this effect on cell 
viability, with no significant effect found; (Mattana and 
Singhal. 1995). 

Our assay techniques using morphology and apopto- 
ric markers all indicated that cell death after experimental 
pressure conditions occurred by apoptosis. Apoptosis is an 
active and physiological mode of cell deaela characterized 
by a series of morphological and molecular events, that can 
be detected by a variety of techniques. It lis increasingly 
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Fig. 7. Increased apopcosu in difllcrenciaced PC 12 neurons 24 hr afcer 
treatmcnc with elevated pressure, compared to controls. Quantitative 
analysis of TOnEL as measured by LSC. Both measures of fluores- 
cence, green integral (A) and green max pixel (B), show significance 
differences P ^ 0.05, (n = 11, ScaJe bars = n SE). Data is chc mean 
of 3 separate iexpcriments, normalized to average value for positive 
(DNasc) comcol. 



apparent chat no single method can be reliably used to 
identify apbptosis. Rather, the use of more than one 
technique, ipeally based on diJSerent detection principles, 
is likely to jdistinguish apopcocic cells (Dnr^ynkiewicz et 
al,, 1998). pThe approach used in this study combines 
morphology, molecular marken of nuclear fragmentation 
(TUNEL) and membrane alterations (Annexin V) to op- 
timize apoptosis detection. Several factors may confound 
the observations made in this study. Cells could be at 
different stages of apoptosis and may not exhibit all the 
features (morphological or molecular) of this process. 
TUNEL miy also stain necrotic cells, though relatively 
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infrequently. Annexin V in conjunction with PI can dis- 
tinguish the two modes of cell death in live cells more 
accurately, but this is less reliable in the late stages of 
apoptosis. The combination hcr^ of multiple techniques 
should enhance the sensitivity of lapoptosis detection and 
also improve its accuracy. 

This study also establishes the Laser Scanning Cy~ 
tomcter as an eflFicient bioassay to'ol for apoptosis in neu- 
rons. The LSCs automation minimzes potential observer 
influence on data collection and analysis; data can be 
normalized between separate pressure runs using a positive 
control; and storing of vectored iiata in relation to each 
scarmcd cell allows results to be confirmed by visual, and 
hence morphological, analysis. Results for positive control 
cells subjected to a known stimulus show much greater 
labeling for TUNEL (ethanol and DNase stimuli) and 
Annexin V (ethanol). Combincld with morphological 
fmdings, they suggest the experimental protocol was able 
to detect apoptotic neurons. We jdctected a background 
level of apoptosis occurring in control B35 and PCI 2 
neurons. It would be expected that this would apply to all 
experimental groups equally, as the cells used are from the 
same populations and identical. ! 

Data for B35 cultures showed increased TUNEL 
labeling was statistically significant at the 2 hr timepoint, 
i.e., after application of pressure (Conditions. Later results 
were more varied and not conclujsxve after further statis- 
tical analysis. In view of a consistendy significant differ- 
ence for the initial timepoint alone, the neuronal effect 
may be temporally related to application of pressure if this 
is a factor in triggering apoptosis. Any effect then, if 
present, would be expected to be! maximal closer to the 
time of the stimulus relative to a more remote period. Our 
early work with the Annexin V i assay confinns similar 
results to the TUNEL data vath gijeatcr apoptosis in pres- 
sure treated cells compared to controls. Differentiated 
PCI 2 neurons subject to pressur^ treatment were also 
found to have increased apoptosis; labeling compared to 
controls, significant 24 hr after tht initiation of pressure 
treatment. Differcnriated PCI 2 neurons have been previ- 
ously shown to undergo apoptosik upon withdrawal of 
growth factors (Michel el d., 1995; Oberdocrstcr et al., 
1998, 1999). In our cunrent study all PC12 cells were 
maintained in growth &ctors at all ; times. 

Interesrin^y the B35 neurons j seem to have an early 
pressure induced apoptosis response whereas the PC 12 neu- 
rons respond later. At this point we suggest there may be rwo 
possibilides to help explain this difference in dmccourse. The 
variadon coiald be due to the cell type, or more likely may 
relate to the proliferative state of B35 ccUs versus the post- 
mitotic PCI 2 cells. The B35 cells in Ithis study were not cell 
cycle synchronized, and therefore at all stages of the ccD cycle, 
that may help explain the variable results at later timepoincs. 
Perhaps the pressure conditions in this current study selec- 
tively affected a specific phase of the cell cycle eariy, with the 
remaining population less susceptible thereafter. Studies on 
lymphoblast cultures have reported prlessure induced apopto- 
sis and necrosis to be accelerated in jchc S phase of the cell 
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cycle (Takano et jaJ.. 1997). PC12 ceUs, on the other hand, 
were induced to differentiate co a post-mitotic state. Having 
exited the cell cycle they may demonstrate a dificring re- 
sponse to the extracellular stimulus of elevated pressure. Post- 
mitotic PC 12 neurons behave differeudy with other apopto- 
tic stimuli, even when compared to their undiffercndatcd 
state. Other studies have shown undifferentiated (prolifera- 
tive) cells to be more sensitive to an apoptotic stimulus, as v^e 
found for the B35| cells, than post-mitotic neurons (Oberdo- 
etster et al., 1999). Our fmding of significant apoptosis in- 
duction in differentiated PC12 neurons at the later rimepoint 
(24 hr) is also the hme as found in this other study using the 
same ceUs (Oberdberster et al., 1999). 

Apoptotic stimuli are varied and include internal and 
external activators, trophic feaor deprivation and cellular 
damage. Physical 'stimuli can also induce apoptosis. Irradia- 
tion with UV light, for example, mediates aj)optoric nuclear 
strand cleavage (Biija et al., 1993). We know litde, however, 
about pressure acts as an apoptotic stimulus. In vivo research 
into heart failure j has found pressure overload to induce 
apoptosis in animals (Teiger et al., 1996) and humans (Ol- 
ivetti et al., 1996). A study into neural ceD cultures and 
physical stressors in relation to glaucoma found mechanical 
shear to induce apjoptosis (Edwards et al., 1998). In compar- 
ison, extremely high hydrostatic pressure (non-physiologjcal) 
can induce apoptbsis and necrosis in human lymphoblasts 
(Takano et al., 19^7). Our current study indicates physiolog- 
ical changes in hydrostatic pressure may also srimuJace neural 
apoptosis. Wc believe this is the first jStudy of the effect on 
neurons of clinically relevant raised hydrostatic pressures 
alone, and to demonstrate apoptosis related to these pressure 
conditions. In addition to the broad range of known triggers 
for apoptosis, we Isuggest pressure may also be included as 
potential activators of apoptotic pathways. 

The mechai^sms that may mediate such a stimulus 
remain unclear. The cell cycle stage may be relevant, as 
suggested by our data and alluded to by other studies (Takano 
et al., 1997; Obeifdoerster et al., 1999).). Apoptosis in the 
neuronal study involving mechanical shear was associated 
with an increase inj NO production and G protein activation 
(Edwards et al., 1998). Cellular responses to pressure other 
than apoptosis alsO provide clues to potential mechanisms. 
Cell cultures subject co simDar pressure models to chat used in 
this study reveal erihanced cell proliferation and modification 
of protein expression (Mattana and Singhal, 1995). This 
suggests cytoskeleiil proteins may be subject to modulation 
by ambient pressure, consistent with tension-rigidity models 
of cell structure where such proteins contribute to and may 
therefore mediate physical force transfers (Wang et al., 1993). 
Such a concept is I supported by findings of moiphological 
responses to pressure (Sumpio ec al., 1994). If neuronal com- 
pression is significaint in our work, it is unclear whether the 
stimulus is related ko compression or decompression or the 
static period of eleyaced pressure. Further, we do not know 
how the rates and durations of these changes affect the 
neuronal response. [This firet study using our model dealt with 
a specific set of expc^rimcntal variables, and has found an effect 
related to these pd^ssure conditions. Subsequent work will 



allow evaluation of the basic parameters involved in pressure 
induced apoptosis, such as the rate of change and response 
threshold of the pressure stimulus. ; 

Apoptosis may be stimulated by a jsensitivicy of the 
cell membrane co pressure changes. Hdw pressure alter- 
ations are detected, let alone the mechanism of conversion 
of this into intercellular responses, is yet to be resolved. 
Hydrostatic pressure has been shown to influence trans- 
membrane ion fluxes (Goldinger et aL, !l980) and mem- 
brane receptor and protein activity, including the crucial 
Na-K-ATPase pump (Somero 1991). pressure has been 
found CO decrease spinal cord transmitter release (Gilman 
ec al.. 1987) and affect Ca^**" currents in| chromajfFm cells 
(Heinemann et al., 1987). Neuronal electrophysiological 
activity can also vary with pressure. Depression of near 
threshold orthodromic responses has been postulated to be 
due to a direct effect of high pressures on the conductance 
of specific K"*" channels (Southan and Wann. 1996). 

The possibility that pressure may bje related to apo- 
ptosis is an interesting concept. At the cellular level there 
could be a greater sensitivity to this physical variable than 
previously thought. Because there seem to be a variety of 
cellular processes already shown to be modulated by pres- 
sure, it is not unreasonable to also consider apoptosis as an 
cndpoint. This is of relevance in a disease isuch as glaucoma 
where neuronal apoptosis is somehow associated with an 
environment of altered pressure conditions. In addition to 
the known macroscopic anatomical and dirculatory patho- 
physiology of glaucoma, this concept suggests retinal gan- 
glion ceUs may be susceptible to elevated pressure at the 
cellular level. A neuronal response may be mediated by a 
more direct exposure to elevated pressiire. Indeed large 
neurons, in the retina (RGC), cerebelluiti (Purkinje), and 
spinal cord (motor neurons) all seem to relspond differendy 
(usually more sensitive) to physiological stressors com- 
pared with smaUer neurons. 

We have shown a pressure stimulus tcj have an effect on 
apoptosis in more than one cell line, and in proliferating as 
well as post-mitotic neurons. The differentiated PCI 2 neu- 
rons have exited the cell cycle, as is the casejin vivo for retinal 
neurons, including RGCs. Future work on the response of 
primary cultures to pressure would help broaden the rele- 
vance to disease processes. The potential; activation of an 
apoptotic pathway also requires exploration jto undencand the 
conversion of this physical stimulus to a biological outcome. 
Both molecular and genetic processes, suc'h as signal trans- 
duction and analysis of protein and mPJNJA or DNA e;qpres- 
sion, can be studied using this bioassay. 

This study is the first to demonstrate in a biological 
assay system that physiologically relevant levels of pressure 
may have an impact on neuronal survival. This also sug- 
gests that conditions of elevated hydrostatic pressure, such 
as those found in acute glaucoma, may stimulate apoptosis. 
We would also suggest the possibility that raised hydro- 
static pressures associated with other neural diseases, or 
after trauma, could induce neuronal apoptosis. The spe- 
cific mechanism of pressure activation of this apoptotic 
pathway is not known at present. This system now allows 
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us CO fur^er investigate a number of other variabJcs ia- 
cluding difFerenc neurons and the basic parameterj of the 
pressure stimulus. We can also study pharmacological and 
genetic factors that may support neuronal survival after 
these presjsurc conditions. 

ACKNOWLEDGMENTS 
Thcj authors wish to thank Dr. Stephanie Watson 
pept. Ophthalmology, Prince of Wales Hospital) for 
invaluable* guidance in developing this model system; Prof 
R. Frost KDept. Mechanical En^neering. University of 
New South Wales) for assistance in designing the pressure 
chambers;! Prof M. Perry and Amanda Marsh (Dept. 
Physiology, University of New South Wales) for help in 
assessing Our system; Ms. Moya Secto (Cell Biology Lab) 
for extensive technical assistance; and Mr. Rob Wadley 
(Cellular jAnalysis Facility. University of New South 
Wales) fop generous support with the Laser Scanning 
Cytomecei:. This study was supported in part by a discre- 
tionary geperal grant from AJlergan Australia. 

REFERENCES 

Agar A. Hill /Vl, Coronco MT. 1999. Pressure induced apoptodis in ncur^ni 

[ARVO Abstracc], Invest Ophthalmol Vis Sci 40:S265. 
Armaly MF. |Krucgcr DE» Maunder t, Becker B, Hcthcringcon J. Jr.. 

Kolker AE,|L€v«ne BJZ, Maumencc AJE, Pollack IP. Shaffer RN. !9B0. 

Dimeacistical analysis of the collaborative glaucoma study. I. Summary 

report of the risk faccors for gbucomatous vtsual-ficid defects. Arch 

Ophthalmol 98:2163-2171. 
Ben-Saj*on s|a, Sherman Y, Cavrieli Y. 1995. Idcntifitation of dying 

cells — in aitti staining Methods Cell Biol 46:29-39. 
Buja LM. Ei^nbrodc ML. Eigtnbrodt EH. 1993. Apopcosu and necrosis. 

Basic types and mechanisms of cell deach. Arch Pachol Lab Med 117- 

1208-1214.1 

Darzynkicwicz Z. Bedncr E» Traganos F, Murakami T. 1998. Critical 

aspeccs in the analysis of apopcosis and necrosis. Hum Cell 11:3-12. 
Dc A, Boyadjieva Nl, Pascorcic M. (Veddy BV, Sarkar DKL 1994. Cyclic 
AMP and ethanol inicracc to control apoptosis and differentiation in 
hypothalamic beta-endorphin neurons. J Biol Chcm 269:26697-26705. 
Edwards ME, Chiou CCY, Good TA. 1998. Biomcchanical force mediated 
G-proccin activation and RGC apoptosis [AJ^^VO Abstract). Invest Oph- 
thalmol Vis Sci 39:S916. 
Fagiolini M, Calco M, Strctroi E, MafFci L. 1997. Axonal transport block- 
ade in the neonatal rat optic nctve induces limited rcdnal ganglion cell 
death. J Ncujrodci 17:7045-7052. 
GiJman SC, Colton JS, Dutka AJ. 1987. EflTcct of pressure on the release of 
radioactive glycine and gamma-aminobucyric acid from spinal cord syn- 
aptosomcs. J jNeurochcm 49:1571-1578. 
Goldinger JM,|Kang BS. Choo YE, PaganelU CV. Hong SK. 1980. Effect 
of hydrostatic pressure on ion transport and metabolism in human eryth- 
rocytes. J Appl Physiol 49:224-231. 
Greene LA, Tiichlcr AS. 1976- Establishment of a noradrencr^c clonal line 
of rai adrenal phcochromocytoma cells which respond to nerve growth 
factor. Proc Ij4ad Acad Sci USA 73:2424-2428. 
Hcincmann SH. Conti F, Stuhmcr W. Ncher E. 1987. Eflfem of hydro- 
.-ttatic pressure on membrane processes. Sodium channels, calcium chan- 
ncb, and exojcytosis. J Gen Physiol 90:765-778, 
Johansson JO. |1983. Inhibition of retrograde axoplasmic transport in rat 
optic nerve by increased lOP in vitro. Invest Ophthalmol Vij Sci 24: 
15S2-1558. I 

Johansson JO. |1988. Inhibition and recovery of retrograde axoplasmic 
transport in rat optic nerve during and after elevated lOP in vivo. Exp Eye 
Res 46;223-2i27. 

I 

i 
I 
i 
! 



Pressure and Neuronal Apoptosis 503 

Kcrngi»n LA, Zack DJ. Quiglcy HA. SmithlsD* Pease ME. 1997. TUNEL- 

posicive ganglion cells in human prima;ry open-angle glaucoma. Arch 

Ophthalmol 115:1031-1035. 
Kosnosky W. Tripaihi BJ. Tripathi RCj 1995. An in vitro system for 

studying pressure effects on growth, morphology and biochemical aspects 

of trabecular mcshwork Cells. Invest Ophdialmol Vis Sci 36:8731. 
Majno C, Jons I. 1995. Apoptosis, oncosis, and necrosis. An overview of 

cell death. Am J Pathol 146:3-15, • 
Mattana J, Sankaran RT, Singhal PC. lSj96. Increased applied pressure 

enhances the uptake of IgG complexes jby macrophages. Paihobiolocy 

64:40-45. 

Mariana J, Singhal PC. 1995. Applied pressure modulates mcsangial celt 
proliferation and matrix synthesis. Am J Hypencns 8:11 12-1120? 

Michel PP, Vyas S. Agid Y. 1995. Synetfiisric differentiation by chronic 
exposure to cyclic AMP and neive growth fecror rcndeis rat phacochro- 
mocytoma PC 12 cells totally dependent iupon trophic support for sur* 
vival. Eur J Ncurosci 7:251-260. 

Mizushima T, Tsutsumi S, Rokutan K. Tsnchiya T. 1999, Suppression of 
cchanol>induced apoptoric DNA fragmentation by geranylgcranylacetonc 
in cultured guinea pig gastric mucosal ceOs. Dig Dis Sci 44:5100-514. 

NickcUs RW. 1996. Retinal ganglion cell djrath in ^lucoma: the how. the 
why. and the maybe. J Glaucoma 5:345-356, 

Oberdoetster J. Kamcr AR. Rabin RA. 19Si8. Differential effect of ethanol 
on PC12 cell death. J Pharmacol Exp Thjfr 287:359-365. 

ObcidoefStcr J, Rabin RA. 1999. NCF-diflTerentifltcd and undifferentiated 
PC 12 cells vary in induction of apoptosis byicchanoL Life Sci 64:PL267-272. 

Olivccri C, Quaini F, Sala R. Lagraita C, Corradi D, Bonacina E. Gambcrt 
SR. Cigola E. Anverw P. 1996. Acotc myocardial infarction in humans 1$ 
associated with activation of programmed n^yocytc cell death in the 
surviving portion of the heart. J Mol Cell! Cardiol 28:2005-2016. 

Qian Y. Tripathi BJ. Tripathi RC. 1999. Siion -tcmi elevation of hydro- 
static pressure reduces TGF-beta 2 secreaon and has no effect on the level 
of fibronectin in trabecular cells [ARVO! Abstiact]. Invest Ophthalmol 
Vis Sci 40:S668. 

Quigley HA. 1993. Ganglion cell death in ^aucoma: pathology rccapicu- 

laces ontogeny. Ausi N ZJ OphthaUnoL 23:85-91. 
Radius RL. 1981. Rapid axonal transport an prinnate opric nerve. Arch 

Ophthalmol 99:650-654. ; 
Schubcn D. 1974. Induced differenriation ofjclonal rat nerve and glial celh. 

Neurobiology 4:376-387. 
Schutte B, Nuydens R, Geerts H, RamaekccJ F. 1998. Anne.xin V binding 
assay as a cool to measure apoptosis in idifferentiaccd neuronal cells. 
J Ncurosci Methods 86:63-^69. 
Somero GN. 1991. Hydrostatic pressure and adapcarion to the deep sea. 

New York; Wiley-Liss 167-204. 
Southan AP, Wann KT. 1996. Effects of high helium pressure on intracel- 
lular and field potcnrial resporxscs in the CAI f«gion of the in vitro rat 
hippocampus. Eur J Ncurosci 8;257l-2581. 
Sumpio 8E. Widmanrt 1^4D, Ricocta J, AWolesi MA, Watase M. 1994. 
Increased ambient pressure stimulates proHftration and morphologic 
changes in cultured endothelial celb. J Cell Physiol 158:133-139. 
Takano KJ. Takano T, Yamanouchi Y, Satciu T. 1997. Pressure-induced 

apoptosis in human lymphoblasts. £xp Cell Res 235:155-160. 
Tciger E, Than VD. Richard L. Wisnewsjey C. Tea BS, Gaboury L. 
Tremblay J, Schwartz K, Hamet P. 1996. Apoptosis in pressure overioad- 
induced heart hypertrophy in the rat. J Clin Invest 97:289 1-2897. 
van Engeland M. Ramaekcn PC, Schutte D. HLeucelingsperger CP. 1996. A 
novel assay co measure loss of plasma membrane asymmetry during 
apoptosis of adherent celb in culture. Cytometry 24:131—139. 
Wang N. Outlet JP. Ingber D£. 1993. Mechanotransducdon across the cell 

surface and through the cytoskcleton. Scicric 260:1 124«1 127. 
Weber AJ. Kaufman PL. Hubbard WC. V^S. Morphology of single 
ganglion cells in the glaucomatous priiiucc retina. Invest Ophthalmol Vis 
Set. 39:2304-2320. 



** TOTAL PAGE - 1 1 



MAR 19.2001 14:53 FR CI STI ICIST 



TO 13124741 159 



003l*6997/96/4802^023l$03.00/0 
Pharmacological |Revicws 
^ Copyright ® 1996 by The American Society for Pharmacology and Experimental Therapeutic* 



C2 



Vol. 48. No. 2 
Printed in 1/.SJL 



The Pharmacology of Mechanogated Membrane Ion 

Channels 

i 

j OWEN P. HAMXLL AND DON W. MCBRIBE, JR. 

I DepaHment of Physiology and Biophysics, The University of Texas Medical Branch, Galveston, Texas 



I. Introjluction J 231 

II. Classifications of mechanogated channels j 232 

A. Open chainnel properties j 232 

B. Gjatlng properties 232 

C. Molecular mechanisms j 233 

III. Mechanogated channel drugs 233 

A. Blockers J , . . . . 233 

1^' Amiloride and analogs j 234 

2j Aminoglycoside antibiotics 236 

SJ Gadolinium j 237 

4J Other blockers j 240 

5^ Blocker sensitivity of mechanosensitive processes 245 

B, Ajttivators ; . , 246 

iJ Amphipathic molecules j 246 

2i Fatty acids and lipids (amphiphilic molecules) j 247 

3J Other activators j 247 

IV. Summary and conclusions j 248 

V. Ackniowledgments I * ' 248 

VI. Refeijences _ ^ j 248 



I. Introduction 

More than 30 years ago, A.S. Paintal (1964) reviewed 
in this Jourrtal the pharmacology of vertebrate mech- 
anoreceptors.jHis review summarized drug ejffects on a 
variety of specialized mechanosensory receptors, includ- 
ing cutaneous, muscle and visceral receptors. His main 
conclusion that the drugs then known to inhibit or 
stimulate mejchanosensation did not act on mechano- 
transduction j itself but rather on ancillary processes 
such as the action potential or muscular/vascular tone. 
He further concluded that mechanotransduction usually 
has a low susceptibility to chemical influence. In subse- 
quent years, yoltage clamp studies confirmed that spe- 
cific drugs reviewed by Paintal such as local anesthetics 
and veratrumj alkaloids were indeed potent blockers and 
activators, respectively, of the voltage-gated Na"^ chan- 
nel (Hille, 1992). Since Paintal's review, a vast number 
of new drugs I and toxins have been discovered that se- 
lectively act oin various voltage- and ligand-gated chan- 
nels (Hille, 1992). This wealth of new drugs has provided 
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a means of classifying, purifying and studying the func- 
tion of many of these channels. Unfortunately, the large 
majority of these drugs has not been systematically 
studied for possible effects on mechanotransduction. 
This may be partially because of the jpractical problem of 
direct recording from specialized sensory mechanotrans- 
ducers. However, it is also clear that the discovery of 
drugs that act on mechanosensors, ^uch as those medi- 
ating various cardiovascular reflexei or specific forms of 
visceral pain, would have profound clinical significance. 

Over the last 10 years, there has been a resurgence of 
interest in mechanotransduction bedause of a number of 
technical and conceptual advances. In particular, patch 
clamp recording, with its inherent =abiU1y to mechani- 
cally stimulate a membrane patch while simultaneously 
measuring the current response (Hamill et al., 1981), 
has revealed the existence of a class of mechanogated 
(MG) membrane ion channels. This class appears dis- 
tinct from voltage- and ligand-gate'd channels (Sachs. 
1988), although recent studies indicate that mechanical 
stimulation can also modulate voltage- and ligand-gated 
channels (see Section II, B). For practical reasons re- 
lated to the inaccessibility of tissue embedded or fine 
ciliated endings of specialized mecl^oreceptors, these 
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MG channels have been studied mainly in nonsensory 
cell types and have been shown to be expressed m cell 
types representative of all five living kingdoms (Marti- 
nac, 1992). MG channels form a complex class, display- 
ing different mechanosensitivities, gating dynamics and 
modalities, and open channel properties (Howard et al., 
1988; Sachs, 1988; Morris, 1990; French, 1992; Petrov 
and Usherwood, ^ 1994; Sackin, 1995; HamiU and 
McBride, 1995a). iPresumably, the difTerent properties 
reflect different rples played by MG channels in the 
various cell types. I Although the role of MG channels m 
mechanosensory dells is obvious, they have also been 
implicated in such basic functions as cell volume regu- 
lation (Hamill, 1983a; Christensen, 1987; Sackin, 1989) 
and development (Medina and Bregestovski, 1988; how- 
ever, see Wilkinson et al., 1996a, b). Nevertheless, their 
exact role(s) in m^ny nonsensory cells remains unknown 
(Morris, 1992). For this reason, high specificity inhibi- 
tors or stimulatoiis of MG channels would be extremely 
useful for impHcating them in specific cellular processes. 
Furthermore, thej existence of high affinity ligands that 
could label specifiic MG channels would facilitate protein 
purification procedures (Sukharev et aL, 1993). Al- 
though no "ideal'^ high specificity/afTmity drug for MG 
channels has yet ibeen found, recent studies have begun 
to reveal a number of agents that do affect different MG 
channel activities. The purpose of this review is to dis- 
cuss this emergixig pharmacology. 

IL Classifications of MG Channels 
To better appreciate the possible mechanisms and 
sites of drug action on MG channels, the various classi- 
fications and mechanisms of MG channel activation will 
be summarizedj In general, membrane ion channels 
tend to be classified in terms of either their open channel 
properties and/or their gating properties. These two 
properties can considered independent in the sense 
that knowledge of one does not determine the other. 

A. Open Chann^ Properties 

MG channels! like voltage-gated and ligand-gated 
channels, display a variety of open channel properties 
with different ion selectivities (e.g., cation, anion, 
and nonselectiv^) and single channel conductances (-20 
to 2000 pS). However, in general, the ion selectivity and 
conductance of biological channels are not mechanosen- 
sitive (but see Opsahl and We6b, 1994). Although some 
cells express only one type of MG channel, there are also 
cells that express as many as five types, which can be 
distinguished bjr their open channel properties (Berrier 

Abbreviations: MG. mechanogated; SA. stretch-activated; SI, 
stretch-inactivated; MS, mechanosensitive; IPa, inositol trisphos- 
phate; IC50. concentration that inhibits 50%; £. coli, E:scherichia eoli\ 
TTX, tctrodotoxin; ^EA, tetraethyl ammonium: K,*, dissociation con- 
stant; TC, tubocurarine; RODS, Ars-Gly-Asp-Ser. OS, Orammostoia 
upatulata; RVD, regulatory volume decrease; I-NMBA, 6-iodide-2- 
me thoxy-S-nitrobenzamil . 



et al., 1992; Ruknudin et aL, 1993). Presumably, such 
differences reflect variations in the pore Istructure (i.e.. 
binding sites and geometry) of the channels. In terms of 
drugs that act by binding to specific pore lining residues, 
it is conceivable that channels that share open channel 
properties (e.g.. K*^ or cation selectivity) might be sus- 
ceptible to pore occlusion or open channel block by the 
same drug or class of drugs. 

B. Gating Properties 

In terms of gating, MG channels haye tended to be 
divided into two broad groups, namely stretch-activated 
(SA) and stretch-inactivated (SI), depending upon 
whether they are opened or closed by mechanical stim- 
ulation, respectively (Guharay and Sachs, 1984; Moms 
and Sigurdson, 1989). However, this biasic distinction 
may be complicated by dynamic or nonstationary kinetic 
properties of the SA channel. For exaniplc, certain SA 
channels show rapid and complete adaptation in re- 
sponse to sustained stimulation (i.e.. appear to inacti- 
vate) (HamiU and McBride, 1992), Ptirthermore, SA 
channel activity can shift irreversibly ftom an adapting 
to nonadapting mode during the course of patch clamp 
recording (Hamill and McBride, 1992). Another possible 
complication concerns the SI channel terminology and 
relates to a recent demonstration that specific MG chan- 
nels can respond differentally, depending on the direc- 
tion of patch curvature. For example, in rat aortic endo- 
thelial ceUs. suction applied to the patch decreases 
channel activity, whereas applied pressure increases 
channel activity (Marchenko and Sage^ 1996). Whether 
this phenomenon is specific to the MG channel of this 
cell type or a general property of the so-6alled SI channel 
remains to be determined. 

Another aspect of MG channel gating relates to their 
sensitivity to the magnitude of mechanical stimulation 
(see Hamill and McBride, 1994a), Some MG channels 
are so sensitive that they can be gated by random fluc- 
tuations in thermal noise (Denk and; Webb, 1989) or 
sub-Angstrom displacements (Browrjell and Farley, 
1979), whereas other MG channels are! relatively insen- 
sitive and require stimulation that often causes mem- 
brane patch (Vandorpe et al., 1994) or cell rupture (Mor- 
ris and Horn. 1991). However, the large majority of MG 
channels appear to be activated byi modest stimuli, 
above the thermal noise level yet well below the level 
that causes membrane damage (Haniill and McBride. 
1994a). Apart firom the magnitude or quantitative as- 
pects of the mechanical stimulus, there are also quali- 
tative aspects concerning its form. ?or example, cell 
stretch and compression, osmotic swelling, fluid shear 
stress, and suction or pressure applied to the membrane 
patch are all forms of mechanical stiihulation, yet each 
may be expected to perturb, at the mblecular level, the 
membrane in different manners. Indeed, specific mem- 
brane channels have been found that selectively respond 
to one but not another form of mechanical stimulation 



19.2001 14:53 FR C I ST I ICIST 



TO 13124741159 P. 05/24 



PHARMACOLOGY OF MECHANOGATED MEMBRANE ION CHANNELS 



233 



(Olesen et al., 1988; Burton and Hutter, 1990; Sasaki et 
al., 1992). On the other hand, there are channels that 
respond to multiple forms of mechanical stimulation 
(Christensen; 1987; Ubl et al., 1988; Sackin, 1989; Oliet 
and Bourquej 1993), In this review, attention is focused 
almost excluisively on MG channels gated by suction/ 
pressure applied to the membrane patch. In most cases, 
pressure and suction are equally effective in activating 
the MG channel (Sachs. 1988; Morris, 1990; McBride 
and Hamill, 1992), which is consistent with the channel 
responding to membrane tension rather than pressure 
itself Howevier, as stated above, some MG channels may 
be sexxsitive I to the direction of membrane curvature 
(Bowman et kl, 1992; Bowman and Lohr, 1996; March- 
cnko and Sa^e, 1996). Presumably, these different MG 
channel gating sensitivities depend upon specific extra- 
cellular/menibrane/cytoskeleton interactions. 

Finally, some MG channels, rather than being exclu- 
sively gated; by membrane stretch, are also gated by 
nomnechanical stimulation such as ligands (Kirber et al., 
1992; Vando^pe and Morris, 1992; Van Wagoner, 1993; 
Paoletti and 'Ascher, 1994; Vandorpe et al., 1994) and/or 
membrane voltage (Hisada et al., 1991; Kirber et al., 1992; 
Chang and lioretz, 1992; Davidson, 1993; Langton, 1993; 
Ben-Tabou ei al., 1994; Hamill and McBride, 1996a). In 
specific cases; membrane stretch may only modiilate activ* 
ity rather thian directly gate the channel (Kirber et al., 
1992; Paoletti and Ascher, 1994). Such polymodal activa- 
tion of a membrane ion channel complicates, from a bio- 
physical viewpoint, the characterization and classification 
of the channel but nevertheless may be critical in its role(s) 
under different physiological and/or pathological condi- 
tions. Clearly, recognition of the normal gating behavior of 
a channel is; essential for proper interpretation of drug 
effects on that channel. 

C. Molecular: Mechanisms 

Mechanisms of mechanosensitivity can be classified 
into either direct or indirect, according to the way me- 
chanical energy is coupled to the gating mechanism of 
the channel.; In the direct mechanism, mechanical en- 
ergy is directly coupled to the MG channel protein with- 
out the intervention of biochemical reactions, although 
energy may be focused onto the channel via cytoskeletal 
and/or extracellular elements. In the indirect mecha- 
nism, there iare intervening biochemical steps between 
the initial mischanical event and channel gating such as 
a membrane bound mechanosensitive (MS) enzyme, 
which regulates a second-messenger and, in turn, influ- 
ences sensitive channels. For instance, activation of a 
mechanosensitive phospholipase C (Brophy et al., 1993) 
would elevate inositol trisphosphate (IPs), in turn re- 
leasing Ca^r from IPs-sensitive internal Ca^**" stores 
(Boitano et i., 1994) and, in this way, stimulating Ca^^- 
sensitive channels in the plasma and possibly organelle 
membranes.! In this example, both Ca^* -release and 
Ca^"*" -activated channels contribute to the MS response 



without themselves being directly MS. One criterion for 
distinguishing between direct and indirect mechanisms 
involves measuring the latency of channel turn-on after 
a step change in stimulation (Corey and Hudspeth, 
1979; Ordway et al., 1991; McBride and Hamill, 1993). 
Another criterion is to compare mejchanosensitivities in 
cell-attached and cell-free patches to determine the role, 
if any, of cytoplasmic second-messengers. Unfortu- 
nately, for many channels that display mechanosensi- 
tivity, this most basic distinction -between direct and 
indirect mechanisms of activation has not always been 
made. 

Both direct and indirect mechanisms may be subdi- 
vided into intrinsic or extrinsic mechanisms according to 
bilayer versus cytoskeletal (or extracellular) involve- 
ment in the gating mechanism. In; the intrinsic mecha- 
nism, mechanosensitivity is depjendent upon inter- 
actions exclusively within the \ membrane bilayer 
(Martinac et al., 1990; Sukharev et ial., 1993; Opsahl and 
Webb, 1994). For example, intrinsic mechanisms may 
involve tension-dependent protein isubunit recruitment 
or realignment within the bilayer (Opsahl and Webb, 
1994; Hamill and McBride, 1994a). In the extrinsic 
mechanism, mechanical stimulation is applied to the 
channel or membrane enzyme via cytoskeletal or extra- 
cellular elements (Guharay and Sachs, 1984; Howard et 
aL, 1988; Hamill and McBride, 1992). In this mecha- 
nism, mechanosensitivity might be lost if mechanical 
coupling between the channel and cytoskeletal/extracel- 
lular elements is disrupted without rupturing the patch 
itself (Assad et aL, 1991; Hamill and McBride, 1992). In 
fact, such disruption can arise during the course of rou- 
tine patch recordings and can result in modified MG 
channel properties (Hamill and McBride, 1992). 

In considering the site of action pf a drug, the type of 
mechanism underlying mechanosensitivity may be crit- 
ical. For example, in the indirect| mechanism, a drug 
could block mechanosensitivity bylacting along the bio- 
chemical pathway with or without ia direct action on the 
channel or MS enzyme. Similarly, with the extrinsic 
mechanism, a drug could be active' because of its action 
on the cytoskeleton or extracellular matrix without hav- 
ing any direct effect on the channel itself. 

III. MG Channel jPrugs 

The drugs that affect MG channel activity will be 
considered under two general categories involving either 
channel block or channel activation. Within these two 
classes, fmrther distinctions may; be made depending 
upon, for example, the drug's exact: mechanism of action 
(e.g., open versus closed channel block) or its likely site 
of action (e.g., protein, bilayer or cytoskeleton). 

A. Blockers \ 

Of the various chemicals and drugs that block MG 
channels, three groups have received the most attention. 
These include amiloride and its analogs, aminoglycoside 
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antibiotics and tihe lanthanides, in particular, gado- 
linium. In addition to these three groups, other less well 
characterized blocking agents will also be considered. 

I. Amiloride arid analogs, Amiloride is discussed first 
because it has feen the most rigorously studied and 
is the only drug that has been quantitatively modeled 
in terms of its blocking mechanism (Lane et al., 1991; 
Ruesch et al, 199'4). Amiloride is a member of a group of 
over 1000 structurally related compounds known as 
pyrazinecarboxyamides (Kleyinan and Cragoe, 1988, 
1990). Amiloridej and many of its analogs are potent 
diuretics that actlby blocking, in nanomolar to micromo- 
lar concentrations, the epithelial Na'*' channel (Benos, 
1982). Although jthe native epithelial Na^ channel has 
not been directly! demonstrated to be mechanosensitive, 
recent cloning stiidies of the rat epithelial Na"*" channel 
indicate that th^ three subunits (a^y) that compose it 
show strong seqiaence homology to Caenorhabditis el- 
egans genes, cloned from touch-insensitive mutants and 
believed to encode MG channel proteins (Canessa et al., 
1993, 1994; Driscoll and Chalfie, 1991; Huang and 
Chalfie, 1994; Hong and Driscoll, 1994). Furthermore, a 
recent report indicates that the o-subunit of the bovine 
renal epithelial ka"*" channel may form a stretch-sensi- 
tive Na"^ channel when reconstituted into painted lipid 
bilayers in which tension was altered hydrostatically 
(Awayada et al.; 1995). However, this result must be 
considered tentative, because with painted lipid bilay- 
ers, the membrane tension is not simply a function of the 
hydrostatic pressure gradient (e.g., see Fettiplace et al,, 
1971; Fettiplace personal communication). In fact, mem- 
brane tension will be determined by the equilibrium 
distribution of lipids between the bilayer itself and the 
surrounding meniscus. On this basis, the result should 
be confirmed under conditions in which membrane ten- 
sion can be better controlled (e.g., by using the patch 
clamp tip-dip miethod (Opsahl and Webb, 1994)). Per- 
haps it is even more relevant to determine whether the 
heteroligomeric ;(ofj37) or native Na* channel displays 
mechanosensitiyity. Unfortunately, two recent studies 
attempting to directly address this important issue have 
not resolved it. In one case, the inability to obtain con- 
sistent results regarding the stretch sensitivity or insen- 
sitivity of the epithelial Na"*" channel in cells of the rat 
cortical collecting tubule precluded a resolution (Palmer 
and Frindt, 1996)- In the other case, the lack of controls 
with regard to l>oth the magnitude and form (i.e., com* 
pression versus! stretch) of the mechanical stimulation 
casts doubt on jthe reported stretch sensitivity of the 
Na"*^ currents imeasured in human 0 lymphocytes 
(Achard et al., 1996). 

The original indication that amiloride might act on 
MG channels arose from observations that amiloride 
blocked mechanosensitivity in both the lateral line or- 
gan of Necturus and the skin of Xenopus (Jorgensen, 
1985). Subsequently, amiloride was shown to directly 
block MG currdntfi in dissociated audiovestibuiar hair 



cells of the chick (Jorgensen and Ohtnori, 1988) and 
mouse (Ruesch et al., 1994) inner ear. The first study of 
amiloride block at the single MG chknnel level was 
carried out on the SA cation channel of Xenopus oocytes 
(Lane et al.. 1991, 1992, 1993; Hamill 4 al-t 1992). This 
SA channel shows basic similarities to the hair cell chan- 
nel in terms of its cation selectivity (i.ei., conducts Na**", 
and Ca^*^) conductance (-50 pS) abid rapid activa- 
tion and adaptation kinetics (Howard jet al., 1988; Ta- 
glietti and Toselli 1988; Yang and Sachs, 1989; Hamill 
and McBride, 1992, 1994b). Furtheirmore, external 
amiloride causes a simUar voltage-dependent block of 
both the hair cell and oocyte MG channels. In both cases, 
inward current recorded at negative; potential is re- 
duced » but outward, current recorded ait positive poten- 
tials is almost unaiTected (Jorgensen aikd Ohmori, 1988; 
Lane et al., 1991). 

a. MECHANISM OF AMILORIDE BLOCK. At the single chan- 
nel level, amiloride block involves brief interruptions in 
the inward current events that increase in frequency 
with amiloride concentration but decrease with depolar- 
ization (Lane et al., 1991). Because the interruptions are 
too brief to resolve fully, they resulti in an apparent 
reduction in single channel oxrrent amplitude with as- 
sociated increased open channel noise. ;This type of volt- 
age-dependent **flickery block is often taken to reflect 
open channel or pore block with intermediate kinetics 
(e.g., see Hamill. 1983b). According to this model, amilo- 
ride, which is positively charged at physiological pH, 
would be driven by negative potentials into the open 
channel, where it would occlude or **plug^ the channel. 
Positive potentials would reverse this! block by driving 
the impermeant blocker back out of the channel. Modi- 
fications of the simple plug model include the partial 
and permeant block models (see Laneiet al., 1991). 

Although the various plug models ^re intuitively at- 
tractive, a number of observations argue against their 
relevance to amiloride block in both the oocyte and hair 
cell (Lane et al.. 1991; Ruesch et al.. 1994). In the first 
place, the channel conductance in anailoride reaches a 
voltage-independent value at hyperpol|arized potentials. 
Second, the concentration dependence 0f amiloride block 
yields a Hill coefficient of 2, which indicates two amilo- 
ride molecules are required to block the channel; this 
seems unlikely within a single file permeation pathway. 
Third, amiloride block does not depend on current flux 
through the MG channel, thus ruling |out a mechanism 
by which permeating ions are able to knock amiloride o£F 
the channel. 

In contrast to plug models, a "conform ational" model 
can explain both the voltagfe and concentration depen- 
dence of external amiloride block (Ijane et al., 1991; 
Ruesch et al., 1994). This model assumes that the open 
channel can exist in one of two different voltage-depen- 
dent conformations. The open channel conformation fa- 
vored at negative potentials reveals t>yo amiloride bind- 
ing sites, whereas the open conformation favored at 
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positive potentials is such that these sites are inacces- 
sible to amiloride. Thus, at positive potentials, amiloride 
has no effect, whereas at negative potentials, amiloride 
binds to tlie exposed sites in a cooperative, voltage- 
independent manner to block the channel. Furthennore, 
at least in ! the hair cell, relaxation measurements di- 
rectly demonstrate that amiloride analogs block the 
open rather than closed channel conformation at nega- 
tive potentials. Although most attention has focused on 
external block, in the oocyte, internally applied amilo- 
ride produces a low potency voltage-independent block 
that was not observed in the hair cell. 

b, IONIC EFFECTS ON AMILORIDE BLOCK, External amilo- 
ride is 10 times less effective in blocking the oocyte 
channel (concentration that inhibits 50% (ICgo) = 500 
/xM) compared with the hair cell channel (IC50 = 50 ;xM). 
This difference in potency was shown not to be caused by 
the different ionic recording conditions used in the two 
preparations (Lane et al., 1993). To be specific, in the 
original oocyte study, amiloride block was measured in 
the absence of external Ca.^^ as well as other divalent 
cations andjin the presence of high (100 mM) external 
and low (5^ mM) external Na^. In contrast, hair cell 
measurements were made in the presence of divalent 
cations (2 mM) with high external Na"^ and low K*^ 
(Jorgensen land Ohmori, 1988; Ruesch et al., 1994). Fur- 
thermore, it has been suggested that amiloride block 
requires the presence of external Ca^"^ (Cuthbert and 
Wong, 1972; but see Desmedt et al., 1991) and is influ- 
enced by changes in external Na"*^ concentration (Benos, 
1982). However, direct experiments with the oocyte in- 
dicate that inclusion of 2 mM Ca^"^ in fact reduced (by a 
factor of 2) rather than increased amiloride potency. On 
the other hand, substitution of external Na^ with K"^ 
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byCa was shown to occur without alterin/the voltage 
dependence of block and could be modeled by a screening 
of surface negative charges (Lane et aL. 1993). If Ca*^ 
has a similar effect in the hair cells, then amiloride may 
be even more potent in situ (i.e.. IC^o < 60 ^m) because 
Ca concentration in the normal endolymph is only 
-50 /xM (Crawford et al., 1991). 

c. STRUCTURE-ACTIVITY STUBnss. The difference in 
amiloride potency for MG channels in hair cells com- 
pared with oocytes presumably reflects real differences 
in the binding affinities for sitesj on the two channels. 
Although these difference may indicate structural dif- 
ferences in the sites, "potency-sequence-fingerprinting^ 
indicates that the binding sites niay be structurally re- 
lated. For Example, examination the order of blocking 
potency of a series of amiloride Analogs indicates both 
channels display identical potenby sequences (Lane et 
al., 1992; Ruesch et al., 1994). Inicontrast, other trans- 
port pathways that are blocked by amiloride analogs, 
including the epithelial Na'*' channel, show different 
analog potency sequences (table 1). Therefore sequence 
fingerprinting with amiloride analogs can compensate 
for aniiloride*s low specificity. Forjexample, table 1 indi- 
cates that amiloride and only one appropriate analog 
need be tested to implicate MGl channels over other 
suspected transporters in a specific cellular function. 

Examination of the structure-activity relation in table 
1 indicates that analog potency lii both the oocyte and 
hair cell can be increased by adding hydrophobic side 
chains to the amiloride core structure (Lane et al., 1992; 
Ruesch et al., 1994). However, the hair cell studies in- 
dicate a limit where potency decreases when the bulki- 
ness of the side chains becomes: too great. This may 



TABLE 1 

Amiloride analog^ pouiuiy (20,0 amiloH<U/ IC^^ analog) of MG channels and other transport pathways. 



Axniloride 



DMA Phcnomil PBDCB B«nxaniil 



HMA 



I-NMBA 



Ret 



MG channel mouse hair cell 1 (53) 1.3 4.4 
(cation) ! 

MG channel frog oocyte 1 (500) I.4 — 
(cation) 

Epithelial Nai* channel 1 (0.34) 0.04 17 
(high affinity) 

Epithelial Na-* channel (low l (10) 2.2 2.9 

affinity) _ 

Ca^"" channel! L-type 1 (XOO) 3 — 

Na*-Ca*- exchanger 1 (1100) 2 5.5 

Ne--H^ exchanger i(84) 20 0.01 

MG channel snail (K"^) 1 (2000) - — 

Ca** channel I T- type 1 (30) — — 

Voltage-gatedjNa' channel 1(600) — . 

Voltage-gatediK'^ channel 1(5) — — 

(delayed rect.) 

Nicotinic ACl^R cation 1(100) — ^ 
channel 1 



400 
300 



9.6 
5.3 
9 

3.8 

4 

XI 
0.08 

37 



12.3 

14.7 
(BrHMA] 
0.04 



11 
524 



29 Ruesch et al„ 1994 

— Lane et al., 1992 

7 Kleyman and Cragoe» 1988 

— Kleyman and Cragoe, 1988 

I 

26 Garcia et al., 1990 

28 lOeyman and Cragoe, 1988 

— Kleyman and Cragoe, 1988 

— Small and Morris, 1995 

— Tang et aJ.. 1988 

— Vell:^ et al.» 1988 

— Bielefeld et al., 1986 

— Kleyxnan and Cragoe, 1990 
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fiber activity (Kroese and Van dten Bercken, 1980 1989^ 
Subsequently, voItage<Iaxnp studies of fr;g vestibuW 
haar cells indicated a raoid (< vnn ^ ^ i^ vesnouiar 
dent block of the MG currtnl^^u^^^^ 
number nf nfK^ • currents by gentamidn and a 

indicates th- Cooipanson of tables 1 and 2 



=^won iJUjiv.l.b). analoEs are ui '*"*«oeiycosicles and amiloride 

d sOMMARy. Although amiloride has not proven a classes of^l,,!^"^^/* " ^" addition, block by both 

higUy potent/specific MG channel blocker, it has pr<^ exteTnal ^^^^^^^ both depolarization or 

vided valuable information regarding one type of MG However desm J^r* ^i ' ^« 1993). 

channel. First, amiloride sensitivity of the MG e««A», luT ' T similarities, the two druM rr,Jl 

channel provided the initial clue thit tWs channef^J ^ ^T^^b''''""^'^'^"^ -chanisn^s (S" 

somehow be related to the amiloride-sensitive epithelial ui^^f^' concentration dependence 

Na* channel. This idea has subsequently been r!.in °\f°ino&lycoside block indicates a Hill coefficient o?i 

forced by {a) apparent immunological cross reacHS. J"^"" coefficient of 2 sfeen for ^^1^ H' 

between Ai. epithelial Na* channeled th7haice,?MG ^>«oglycosides. MG icondictZe "nd ^" 

channel proteins (Canessaetal 1994) <?™j j ! ^ ^ observations are consisteiit wifK Tk! j I? ' 

2r;L^%Jtr:h=^^7~^ Sttbfn^^^i-^?^^^^^ 

even more potent/specific MG channel wSkS^"^ ^ mechanism has been put fSIl^JJ'to ^ T 

2 Amirwglycoside antibiotics. AnUbiot.^* 07;^. , • ^P^^"" ''^^ ^^'^ cell (Howard eUl i9^fi ^ T C 

noglycoside familv f*. » of the ami- and Gillesnie IQQ^^ ^^VT" T.r • ^988; Hudspeth 

streptomycin) ato b ock' MG '"""'k """T'^^ ^^^ct aS^ion shlld o^^^ availability of drugs that 



cells (Kroese ^t aT iQAof cation channels in hair 
al 1993? Wot ' ^"^ ^^^^^^^ """scle (Sokabe et 

taiieS^Xn^'^sro^^^^^^^ 
ionic interactions anTS^ . ^ mechanism of action. 

Aniinoglyco^^rco;^^^^^^ 

glycosidic linkage to a hexose nudeus a^d 1 !T 
several positive rh^r-^^^ u ""ceus. and most have 



has been focal appTicat^nTf .l?= °f.^«»«oglycosides 
MG channels on the ^p^f Ifl^^^^^^ ^ « 

and Hudspeth 1991) ■ cell ciha (Jaramillo 

eat1r„'SStcwS^Se'tr:'^'"°' 



several PositiveVlJrgM SoaLe ..1'' ™l"f ^inde^ndent X™^^^^ ' «> PS 

for experimental use ^^ .T- t """^^ convenient 

1991) In termf of MG chai^,^ IrT"^" ^^^^P^th, 
focused on actions on h^TuI ^^J^eS'^^""*^^" 
to aminoglycosides cau.Jt"l "^'''"c exposure 



be ciistin^ish^d ^hi^rcSe^^^^^ 

potency-fingerprint usinrfarious al^ f 
(Sokabe et al 19<?^i- various aminoglycosides 

also bloc^ a v;ri!fy orother^MS^^^^^ Aminoglycosides 
m-A.5). including the slow afaptS^SS^^^^ 

cynically significant and i^everSbll h?' '^''^''''^ chanicallylnduceHex^aS^i f 

ment(Rybak, 1986) Altho JIhTi, ™P«^»- (Gitter et al 199^w^^ in hydro2oans 

antibiotic ototoSy S^ unWw ^''^^ mechanism of trac^fuSr Ca»* 1i increase in in. 
action involving'^yo c Wrm^/r (Ganir^t S 19^) MtZ ^'f myocytes 

^repntamS^l:'^^^^^^^^^^ "--^g^SlST^/'^T^ 



19 2001 14:55 FR CISTI I C I ST 



TO 13124741 159 P. 09/24 



PHARMACOLOGY OF MECHANOGATED MEMBRANE ION CHANNELS 

TABLE 2 

Aminoglycoside antibiotic block of MC and other channels 



237 





Aminoglycoside 










Frog: hiair cell cation: 


verdaziucin 


2.0 




gentamidn 02 


2.5 




gentamicin CI 


5.5 


; 


sisomicin 


6.0 




gentamicin 


7.6 




dihydrostreptomycin 


8.0 




netilmicin 


25.0 




streptomycso 


25.0 


Chick skeletal muscle SA cation: 


amikacin 


95.0 






neomycin 


2.4 




strep tomycin 


20.7 




ribostamycin 


32.4 




dibekacin 


47.5 




kanamycin 


64.7 


neomycin 


2.4 




dibekacin 


17.5 


i 


kanamycin 


22.1 




streptomycin 


25.4 


Utner channels 


ribostamycin 


55.9 


Volt«gf gated Ca*" (N-type) 






frog nerve terminals: 


neomycin 


<50 




streptomycin 


-50 


Voltage-gated Ca' (L-type) 


gentamicin 


>50 




guinea; pig outer hair cells: 


neomycin 


300 




gentamicin 


1000 




kanamycin 


-1000 




streptomycin 


1000 


Ca^*-activated K* channel 


rat brain: 


neomycin 


195 




dibekacin 


600 




ribostamycin 


2390 


ATP-a<iiv8ted K* current 


kanamycin 


2830 


Guinea! pig outer hair cells: 


neomycin 


90 



Reference 



Kro^ et al.» 1988 



Sokabe et ah. 1993 



Sokabe et aL, 1993 



Redman and Silinsky. 1994 



Nakagawa et aJ., 1992 



Nomilira et al., 1990 



Lin eit al., 199S 



activated KT channels (Nomura et al., 1991) and aden- 
osine triphosphate-sensitive channels (Lin et al., 1993) 
as well as increasing desensitization of acetylcholine 
receptor channels (Okanxoto et al.. 1991). 

3. Gadolinium. Gadolinium (Gd^^) is the most com- 
monly usedlblocker of MG channels and is often used 
as a pharmacological tool for testing the putative role 
of MG channels in various MG processes. It is a mem- 
ber of the lainthanide series, which is composed of the 
16 element^, inclusively, betv»^een lanthanum (La, 
atomic number 57, ionic radius 1.061 A) and lutetium 
(Lu, atomic humber 71, ionic radius 0.85 A), with Gd 
in the middje (atomic number 64, ionic radius 0.938 
A). All the lanthanides are trivalent ions in aqueous 
solution and have proven useful in biochemical stud- 
ies because of their remarkable similarity to Ca^^ in 
tcrmii of size (ionic radius 0.99 A), bonding, coordina- 
tion geometry and donor atom preference (Moeller 
1973; Evansi, 1990). 



Millet and Pickard were the first to focus attention on 
Gd^"*" as a possible MG channel blocker when they re- 
ported that Gd^* (10 to 260 ;lm) blocked both thigmot- 
ropism and geotropism in plants. Whereas similar con- 
centrations of La^^ were withoxit effect (Millet and 
Pickard, 1988). They hypothesizeil that Gd^* blocked 
these mechanosensitive processes by specifically inhib- 
iting Ca^"^-permeable MG channels (see also Edwards 
and Pickard, 1987). Subsequent patch clamp studies 
confirmed that Gd^^ did indeed block single MG channel 
currents in not only plant cells (Alexandre and Lassal- 
les, 1991; Ding and Pickard, 1993^; Garrill et al, 1993) 
but also in fungi (Zhou et al., 1991), bacteria (Barrier et 
al., 1992; Martinac, 1992; Cui et ^1., 1995; Hase et aL, 
1995) and a variety of animal cdUs (see table 3). In 
particular. Yang and Sachs (1989) showed that 10 ^ 
Gd® "" in solutions perfused onto j outside-out patches 
of Xenopus oocytes completely aniJ reversibly blocked 
MG cation channel activity. In contrast, in the same 
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Study, much higher concentrations (i.e., > 10 X) of ei- 
ther La^"*" or Lu^"^ were required to cause MG channel 
block. 

Generally, Gd^"*" blocks MG channels in the concen- 
tration range of 1 to 100 /xM» independently of either 
their single channel conductance or ion selectivity of the 
MG channel (table 3). However, there are exceptions. 
For instance, in: one study of Escherichia coli (£. coli), 
Gd^"*" in lower concentrations (20 ^) was shown to 
increase the activity of a 350 pS and a 1100 pS channel 
but inhibit their activity in higher concentrations (> 20 
/xM) (Cui et aL, 1995). Similar concentration-dependent 
excitatory and inhibitory effects were reported for MG 
cation channel activity in onion protoplasts by Ding and 
Pickard {1993a). However, as noted by these authors 
(Ding and Pickiard, 1993a), these mixed Gd^* effects 
seen at low concentrations (0.1 to 2 yM) are highly vari- 
able. In another: E, coli study, 100 /xM Gd^"*" was shown 



to block larger conductance (300 to 2300 pS) MG chan- 
nels without affecting lower conductance (100 to 220 pS) 
MG channels (Berrier et al., 1992). .Other exceptions 
include the relatively low potency (—1 mM) block of an 
SA K"*" channel in human myelinated nerve (Quastoff, 
1994) and a cation MG channel in one strain of yeast 
(c.f., Zhou and Kung, 1992; Zhou et al., 1991) and its 
apparent ineffectiveness in blocking SA cation channels 
in atrial heart muscle (Kim, 1993) as well as SA K"*" 
channels in astrocytes (Yang and Sachs, 1989), lympho- 
cytes (Schlicter and Sakellaropoulos, 1994) and moUus- 
can neurons (Small and Morris, 1995). However, in some 
studies, the presence of anions such as bicarbonate and 
phosphate or the Ca^"^ chelator, ethylene glycol-bis- 
N,N'-tetraacetic acid (EGTA), may contribute to the ob- 
served low potencies. These chemicals interact with or 
chelate Gd^"*" and therefore change its effective concen* 
tration (Boland et al., 1991). 



TABLE 3 

Gndolinium block of MG and other channels 



Species cell type 



Ton aelectivi^ 



Channel conduct 
(pS) 



Blocking concent. 
Cm-mI 



Refer6nce<s) 



MG channels 

E. coli 
E, coli 

Saccharomyces (yeast) 
Schizosacchar (yeast) 
Uromyces (fungi) 
Hyphae (fungi) 
Red beet vacuole 
Onion protoplast 
Necturus kidney 
Xenopus oocyte 
Xenopus kidney 
Bone cell line i 
Guinea pig bladder 
Mouse skeletal muscle 
Mouse skeletal muscle 
Rat hepatoma ! cells 
Kat supraoptic nearon£ 
Mouse BC3H1; muscle 
Rat cardiocytcs 
Chick cardiocytes 
Chick cardiocytes 
Human demye'linated axon 
B. coli 

Rat astrocyte ; 
Mouse Ehrlich ascites 
Rat atnal eelli 
Rat atrial cells 
Snaii {X^mnaea) neur. 
OTHER CHANNELS 
Species, ceU tjjpe 
Guinea pig ventncul. myocytes 
Rat pituitary ! 
Rat pituitary \ 
Xenopus myelinated nerve 
Xenopus myelinated nerve 
E. coli 

Bryonica dioica (plant) 



nonselective 


300^2300 


100 


Berrier et al., 1'992 


nonselective 


350 and 1100 


100 


Cui et al., I995i 


nonselective 


40 


10 


Gustin et al., 1988 


cation 


180 


1000 


Zhou and Kung. 1992 


cation 


600 


50 


Zhou et al., 1991 


cation 




100 


Garrill et al., 199S 


cation 


70 


10 


Alexandre and Lasalles, 1991 


cation 


35 


10 


Ding and Pickalrd. 1993 


cation 


18 


20 


Filipovic and Sackin, 1991 


cation 


50 


10 


Yang and Sachs, 1989 


cation 


70 


10 


Kawahara and jMatsuzaki, 1993 


cation 


40 


20 


Duncan et al.» 1992 


cation 


80 


20 


Wellner and Is^nberg, 1993; 1995 


cation 


20^0 


>10 


Franco and Lansman, 1990 


cation (SI) 


2(U50 


>10 


Franco et al.» 1991 


cation 


40 


50 


Bear and Li, 1991 


cation 


-30 


100 


Oliet and Bourqve, 1994 


cation 


30 


100 


Hamill and McjBride, 1993 


cation 


42 


1 


Sandoshima et.-al., 1992 


cation 


25 and 50 


20 


Ruknudin et all, 1993 


K* 


100 and 200 


20 


Ruknudin et al.. 1993 


K* 


52 


1000 


Quasthoff, 1994 


anion 


100-260 


No effect 100 


Berrier et aL, 1)992 


K* 


70 


No effect 10 


Yaixg and Sachs, 1989 


cation 


15-40 


No effect 20 


Christensen anid Hoflfinann, 1992 


cation 


20 


No effect 100» 


Kim, 1993 ; 


K* 


SO-lOO 


No effect 100 


Kim et al., 1995 




44 


No effect 100* 


Small and Morns, 1995 



Channel type 

Ca** (L-type) 
Ca*^ (L-type) 
Ca''^ (T-type) 

(delayed rec.) 
Na* (voltage-gated) 
Colicin A, N 

Ca'"^-releaae channel ER membrane 





Reference j 


10 


Lacampagne et al., 1994 


<0.2 


Biagi and Enye'art. 1990 


2.S 


Biagi and Enyeart, 1990 


100 


Elinder and Arhem, 1994 


100 


Elinder and Arhem, 1994 


30,100 


Bonhivers ec alj., 1995 


10 


Kluesener et alL, 1995 



' EGTA present jwith Gd»*. 

All channels are; SA unless indicated 



SL 
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a. MECHANiSM OF GD^* ACTION. To date, no detailed 
mechanism fipr Gd^* block of any MG channel has been 
determined. One reason for this, at least for SA chan- 
nela, may be that Gd^"*" action is complex and most likely 
has multiple ^mechanisms and sites of action depending 
upon its concentration. In addition to any specific inter- 
actions with membrane channel proteins, Gd'"*", as well 
as other lanthanides, has been shown to exhibit strong 
interactions - with lipid bilayers. For example, Ian- 
thanides bind strongly to both charged and neutral bi- 
layers (Lehrmann and Seelig, 1994). Furthermore, dif- 
ferential scanning calorimetric and freeze-fracture 
studies 'have: shown that lanthanides are capable of In- 
creasing ph^se transition temperatures, decreasing 
membrane fluidity and promoting phase separations or 
domains and membrane dipole potentials (Li et al., 
1994; Yu et al., 1996). Such effects may alter MG chan- 
nel activity by changing the physical environment of the 
membrane channel protein (Yu et al., 1996). In relation 
to these ideals, temperature studies of MG channel ac* 
tivity in plant cells indicate a membrane phase transi- 
tion that affects MG channel activity (Ding and Pickard, 
1993b). 

The most idetailed analysis of Gd^'*' block has been 
carried out on the Xenopus oocyte SA cation channel 
(Yang and Sachs, 1989). The properties of the various 
Gd^* effects ion this channel and the extremely narrow 
concentration range (5 to 10 /xM) over which they occur 
seem to rule out a simple open channel block mecha- 
nism. Instead, Yajig and Sachs (1989) proposed a com- 
bination of three different mechanisms that are evident 
at different Gd^^ concentrations. First, at low concen- 
trations (1 to 5 /xM), the Gd^"^ reduced single channel 
current amplitude, seen as an almost parallel shift of the 
single chaniilel current-voltage curve along the voltage 
axis, was proposed to be caused by Gd^"^ screening of 
negative surface charges in or near the vestibule of the 
channel. Second, also at low concentrations, the ob- 
served voltage-independent reduction in open channel 
lifetime was iproposed to be caused by Gd^"^ interacting 
with an external allosteric site (i.e., outside the mem- 
brane field) that caused transition of the channel to a 
short-lived closed stat^. Finally, at 10 ;xM but not 5 /xM, 
channel activity completely disappeared. This last effect 
was bebevedito occur because of a Gd^"^-induced, highly 
cooperative transition of the channel to a long-lived 
closed state, Such highly cooperative behavior would be 
consistent with Gd^^-induced shifts in phase transitions 
or promotion of phase domains in the lipid bilayer, as 
discussed above. 

Although most Gd^"^ studies have been on SA chan- 
nels, there is at least one detailed report describing 
Gd * block of the so-called SI cation channel in mouse 
(mdx) muscle (Franco et al.. 1991). This study found, as 
with the SA cation channel, that Gd^* block can occur 
with no shift in the mechanosensitivity (i,e., the pres- 
sure-response relation) of the channel (Franco et aL, 



1991; Yang and Sachs, 1989). Nevertheless, comparison 
of the voltage- and concentration-dependent properties 
of Gd^* block of SI and SA channels indicates notable 
differences. In particular, the block of the SI channel 
involves brief, yet resolvable, channel closures with no 
change in single channel current iamplitude. Further- 
more, the voltage and concentration dependence of the 
open-close transitions indicates a blocking mechanism 
consistent with Gd^"** being an open pore, permeant 
blocker. To be specific, although the blocking rate (i.e.. 
Gd^"^ entry into the channel) is diffusion-limited and 
displays no voltage dependence, tbie rate of unblocking 
increases with hyperpolarization, presumably as Gd^* 
is driven through the channel. j 

The differences in Gd^* block 6f SI and SA cation 
channels may reflect real differenbes in the nature of 
Gd^* interactions with the two Ichahnels. However, 
strict comparison between the two studies is compli- 
cated because of the different ionic jconditions. In the SI 
case, Gd^* block was measured in the presence of diva- 
lent cations (2 mM Ca^"*" and 1 mM Mg^"*") but in their 
absence in the SA case. This difference undoubtedly 
contributes to the different blocking effects because 
Ca^"^ also permeates and blocks iboth channel types 
(Taglietti and Toselli, 1988; Yang and Sachs, 1989; 
Franco et al., 1991; Lane et aL, 1993). Clearly, more 
detailed experiments on Gd^**" actilon under similar re- 
cording conditions would be helpjfol. Furthermore, a 
more systematic study of the blocking effect of the other 
15 lanthanides of SA and SI channels may provide a 
means of dissecting or distinguishing different mecha- 
nisms and sites of action. For example, one possible 
physical basis for Gd^"*"*s higher potency compared with 
other lanthanides is the **gadolimuin break," a term that 
refers to the drastic change in the stability of organic ion 
complexes that occurs around the middle of the lan- 
thanide series (Nieboer, 1975). Onithe other hand, it is 
interesting that in one systematic study of lanthanides, 
Tm^^, Er^^, Dy^" Tb^", Eu^" Were found to be as 
equally potent as Gd^**" in blocking the touch-induced 
action potential of the plant Chard (Staves and Wayne, 
1993). ; 

b. GD^"^ BLOCK OP NON-MG CHANljrELS. Although Gd^"*" 

was initially thought to be selective for MG channels, it 
has subsequently been shown to be la particularly potent 
blocker of voltage-gated L-t}^ CsL^f" channels (complete 
block with 0.2 mM) as well as T- an^d N-type Ca^* chan- 
nels (Biagi and Enyeart, 1990; Boland et ah, 1991; 
Docherty. 1988; Song et al., 1992,^ Lacampagne et al., 
1994; Romano-Silva et al., 1994). Furthermore, It also 
blocks, although less potently (—100 /uiM), voltage-gated 
Na^ channels and K"*^ channels as jwell as voltage-inde- 
pendent leak channels in myelinated nerves (Blinder 
and Arhem, 1994a). A multisite mechanism of block 
similar to that of Yang and Sachs has been proposed for 
Gd^"*" block of voltage-gated Nat and channels 
(Elinder and Arhem, 1994b). On the other hand, a de- 
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tailed analysis of the block of L-type Ca'^'*^ channels by 
Gd^"^ and other lanthanides indicates a mechanism sim- 
ilar to that used to explain Gd^**" block of the SI channel 
(Lansman, 1990). 

c, SUMMARY. Gd^**" is a potent blocker of a wide variety 
of MG channels and, as predicted by Millet and Pickard, 
has proven to be the inhibitor of choice for testing the 
putative role of MG channels in MG processes, not only 
in plants, but in a wide range of animal cells (see table 
4). Its action, at least on the SA cation channel, is com- 
plex, and more detailed studies taking advantage of the 
other lanthanides and their known physical chemistry 
should be helpful in distinguishing different mecha- 
nisms and sites (i.e., lipid or protein) of action. 

4. Other blockers. In this section, we list a number of 
less characterized blockers of MG channels. Some of the 
drugs listed are better known as blockers of other volt- 
age- and transmitter-gated channels. 

a- NA"*" CHANNEL BLOCKERS. Tetrodotoxin (TTX) is best 
known for its ability to block the voltage-gated Na"*" 
channel. However, whereas some studies of the Pacinian 
corpuscle indicate that TTX only blocks the action po- 
tential, other studies indicate it may also reduce the 
mechanoreceptoir potential (see Bell et al., 1994). It re- 
mains unresolved whether this reduction occurs because 
of direct block of MG channels or block of voltage-gated 
channels that may contribute to the receptor potential. 
At least in chick cardiomyoctes, TTX does block a 25'pS 
SA cation channel without affecting four other classes of 
SA channels also expressed in the myocyte (Ruknudin et 
al., 1993). Whereas TTX has no effect on the microphonic 
potential recorded from goldfish saccula, procaine, an- 
other Na"*" channel blocker, produces a partial (35%) 
reduction at a concentration of 2 x 10"^ g/ml (Matsuura 
et al., 1971). In a quite different preparation, the ciliated 
protozoan, 1 mM procaine blocks the mechanoreceptor 
K"^ current (Deitmer, 1992). However, further down the 
evolutionary scale. 0.5 mM procaine activates the anion 
MG channel in E, coli (see Section III, B.l. and table 5). 
Given these divergent efiFects, it would seem worthwhile 
to screen procaine action on other MG channels. 

b. CA^"*" CHANNEL BLOCKERS. As indicated above, amilo- 
ride, aminoglycosides and Gd^^ all block Ca^'*' channels 
as well as MG; channels. This complicates functional 
studies, because reports indicate that the L-type Ca^"*" 
channel may be mechanosensitive as well as voltage^ 
sensitive (Langton, 1993; Ben-Tabou et al., 1994). One 
strategy to discriminate its role has been to test more 
specific Ca^'*' channel blockers such as dihydropyridines 
(see Naruse and Sokabe, 1993). However, some caution 
is required with this approach because such Ca^'*" chan- 
nel blockers also affect MG channel activities, including 
diltiazem, which blocks the 25-i)S SA, TTX-sensitive 
cation channel in chick cardiomyoctes (Ruknudin et al., 
1993). Other known Ca^"*" blockers, including Co^"", 
La^*, heptane] and octanol, block mechanotransduction 
in hair cells (Ohmori, 1985). 



c. K* CHANNEL BLOCKERS. To date, blocker pharmacol- 
ogy has been mostly focused on the SA cation-selective 
channel, and the major blockers of tljiis channel have 
also been shown to act on Na"^ and C^^**" channels. By 
analogy, one might expect that SA K"^ channels would be 
sensitive to the various toxins and drugs that act selec- 
tively on K**" channels. Indeed, a numbjer of K"*" channel 
blockers do act on SA K'*" channels but appear to be 
ineffective against the SA cation channels (Morris, 
1990). However, in general, these blockers are of rela- 
tively low potency and overall low specificity for K"*" 
channels. For example, the SA K*^ channel in frog renal 
proximal tubule can be blocked by external Ba^"*" (5 mM) 
(Filipovic and Sackin, 1991; Cemerikic and Sackin, 
1993), whereas the SA K"*" channel in rriolluscan neurons 
is blocked by external tetraethylammoiiium (TEA) (Kj of 
10 mM) and quinidine (K^ = 0.8 mM) but unaffected by 
either of these internally. Also ineffective on the latter 
channel when apphed externally are Ba^"" (50 mM), 
apamin (1 piM) and 4-aminopyTidine (lb mM) (Small and 
Morris, 1995). In contrast, Ba^* (2 mM); blocks the SAK* 
channels in rat brain neurons, but external TEA, 4-ami- 
nopyridine or quinidine apparently does not (Kim et al., 
1995). On the other hand, in the ciliated protozoan, 
Stylonychia, external 4-aminopyridine (0.5 mM) and 
TEA (1 mM) but not Cs"*" block the MG K*^ current 
(Deitmer, 1992). Neither external TEA (1 mM) nor 
4-aminopyridine (1 mM) blocks the MGication channel in 
crayfish stretch receptor (Erxleben, 1589). 

d. CALCIUM IONS, (^a*^"*" has been shown to block MG 
cation channels in Xenopus oocyteis (Taglietti and 
Toselli, 1988; Yang and Sachs, 1989; Lane et al., 1993) 
and vertebrate hair cells (Crawford et al., 1991). De- 
tailed analysis of this Ca^"^ block by Taglietti and Toselli 
(1988) indicates a permeant ion block mechanism in 
which Ca^"*", like Na"*" and K**", enters: and binds to the 
channel but displays a much smaller (50 ;xm) and 
much longer occupancy time (400 nsec) compared with 
Na"^ (2 mM and 20 nsec) or K"*" (3.2 mMiand 12 nsec). The 
higher affinity for Ca^*^ results in greater channel occu- 
pancy so that inward flow of Na**" an-d K"" is competi- 
tively inhibited. ; 

e. PROTONS. The open probability of SA cation chan- 
nels is reduced to near zero when external pH is reduced 
from 7.2 to 4.5 in onion cell epidermis (Ding et al., 1993) 
and from 7.2 to 5.8 in E, coli (Cui et al.; 1995). In£. coli, 
acidic pH was also shown to reduce the sensitivity of the 
MG channel (i.e., shifted the pressure-response curve to 
the right). The mechanism of the acid effects on MG 
channel gating remains unknown but may be due to 
protonation of amino groups or a proton-induced confor- 
mation change (Cui et aL, 1995). In the case of plants, 
the pH effect has been proposed to uriderlie the inhibi- 
tory effect of acid soil syndrome on plant root tip growth 
(Ding et al., 1993). In contrast to theistrong inhibitory 
effects of acid pH, alkaline pH up to 8.6 has only a slight 
inhibitory affect on the E, coli channels; (Cui et al., 1995). 



IPR 19 2001 14:56 FR C I ST I ICIST 



TO 13124741 159 



P. 13/24 



PHARMACOLOGY OF MECHANOCATEO MEMBRANE ION CHANNELS 



241 



TABLE 4 

Processes tested for MG ckannal dnig sensiiivity 



Process 
SCimulBtinn used 


Cell type 




Cone, tested $M 
except when in < ) 


Reference 












internal Ca^* 










Touch 


^nltiiiri^ chiric heart 


Y 


20 


Sigurdson et al., 1992 


Touch 


Rabbit airway epithelial 


Y 


50-100 


Boitano et al., 1994 




Rabbit osteoclasts 


N 


200 


Xia and Ferrier, 1995 


Cell-afcrAteh 


Pig vascular smooth 
muscle 


Y 


10 


Davis: et al., 1992 


Cell-Stretch 


Guinea pig ventricular 


Y 


40 


Gannier et al., 1994 




myocyt. 






Naruse and Sokabe. 1993 


^ 11 ViR t r A fA> f; t Y'P tjf K 


Human umbilical 

AnHntVielial 


Y 


10 




X ujuiuxitiiy ai i>c{ lai siiiiifuui 
mUSCt 


Y 


10 


Bialecki et al., 1992 


ouDSuraLc'Sircvcn 


ivai lung veil 


Y 


10 


Uu et ai., 1994 


Osmotic swelling 


Guinea pig outer hair cells 


Y 


50 


Harada et al., 1993 


i_/bJTioi.ic swelling 


nufnoJi uysVAU|>iiiv 

ill Y V 


Y 


50 


Pressinar et al., 1994 




Human fibroblasts 


Y 


50 


Bibby and McCulloch, 1994 


O&mocic swellinB 


Human T lymphocytes 


Y 


200 


Schlichter and 








Sakellaropoulos. 1994 




Rat renal collectinEf duct 


N 


40 


Mooren and Kinncp 1994 




cells 






Oliver and Chase. 1992 


4^ AAV 4tf*0R<ft 
JT lUlO StlCSOf 31>a1SbS> 


Rnvine AArtic endothelial 

ceils 


Y 


10 


Volume retaliatory events 










Volume regulatory decrease 


Human blood lympnocytes 


z 




r>entfi<«k And T^e IdA/i 


in response to osmotic swelling 












Mouse neuroblastoma cells 


v 

X 








Guinea pig cochlear hair 


z 


in 


Pricr 'ot al 1 QQ^ 




ceiio 










ITraer Ifidnov BMyim^l eellfi 


Y 


10 


Robsdn and Hunter. 1994 




n^miQA Krnv1i/*n sb^i^a 


Y 


10 


f^hri^tenRen and T^ofWnann 
l9Si2 




Hurnan flhi'ohlAfitfi 


Y 


50 


Bibby and McCulloch» 1994 




Axuiiiaii ao VI wv Y vviim v^iis 


Y 


100 


Medrano and Oruenstein* 








1993 




f^iimnn leiilrOTni^ 
aaUKioii ICU'^CflillV WCllO 


N 


10-1 00 


Gallia et al., 1994 




lines 








HypoosmotiC'induced 










Cation current 


Rat osteosarcoma cell 


Y 


xu 


Liuncan ec ai., 


Cation current 


Frog kidney proximal cells 


Y 


10 


Robspn and Hunter, 1994 


Kicii) current 


Guinea pig outer hair cell 


Y 


00 


naraaa et al., lijuo 


Cl<ca) current 


Rat lacrimal acinar cells 


V 


20 


Kotera and Brown, 1993 


CI" current 


Xenopus oocytes 


Y 


>250 


Ackerman et hI 1 


Oemolyde efflux 


B. coLi 


Y 


1000 


Berrier et al 1992 


Hyperosmotk-induced 








Cation current 


Human airway epithelial 
cells 


Y 


10 


Chan^ and Nelson 1992 


Cl~ currents 


Rat osteoblastic cells 


N 


100 


Chesnoy-Marchais and 


Growth/development/metabolism 




itnin/ 


wuKinsoii et aj., x99oa,D 


Oocyte maturation 


Xenoptis oocytes 


NT vr HJ 
1^ IN JN 


^ 1 o 1 ^ 
(.1,^,1; 


Fertilizationi 


Xenopus oocytes 


N N N 


(.1,2,1) 


Wilkinson et al., 1996a,b 


Kmbryogenesis 


Xenoptis oocytes 


N N N 


(.1,2,1) 


Wilkinson et al., 1995a,b 


Sp«rm motility 


Xenopus sperm 


N N N 


(,1,2.1) 


Wilkinson et al., I996a,b 


Embryogeneisis 


Xenopus and ascidian 


N 


100 


StefFclnsen et al., 1991 


Strctch-induiced 


oocytes 
















Myoblast fusion 


Chick skeletal muscle 


Y 


10 


Shin et al., 1996 


Cell alignment 


Cultured endothelial cells 


Y 


10 


Naruse et al., 1993 


Cell proliferation 


Rat lung cells 


Y 


10 


Liu et aJ.. 1994 


DMA synthesis 


Rat lung cells 


Y 


10 


Liu et al.. 1994 


Phospholipase C 


Rabbit aortic smooth muse. 


N 


100 


Matsiimoto et al., 1995 
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TABLE A continued 



Proeeaa 
Stimulatiott uaed 



CeU type 



r-i3* A.»ii^» Amino- Cone, tested MM 
Gd Amilor. ^^j^ except when in ( ) 



Reference<s) 



Actin polymerization 

Hypertrophy 

Genes activation 
Strain-activated 

Depolarization 
Specialized mechanosensofy 
receptors 
Pressure- induced 

Baroreceptor discharge 

BarotSeceptor discharge 
Stretch-iiuiuced 

Depolarization 

Depolarization 
Touch-induced 

Calcium increase 

Depolarization 

Depolarization 
Cation inward current 

Cation inward current 
VoItage*induced 
Hair cell motion 

Muscle 

Stretch- induced 



Human fibroblasts N 

Rat cardiac myocytes N 

Rat cardiac myocytes N 

Rat osteosarcoma cells Y 



Rat arterial N 
Rabbit carotid Y 

Frog muscle spindles Y 
Crayfish stretch receptor Y 

Rat nodoee sensory Y 

neurons 
Cat cutaneous 

mechanoreceptors 
Squid statocyst 

Rat nodose sensory Y 
neurons 

Rat supraortic neurons Y 
Guinea pig outer hair cells Y 



10 Pender and McCulloch. 1991 

50 Sadoahima and izumo» 1993 

10 Sadoshima et al.. 1992 

10 Duncan and Hniska, 1994 



400 Andresen and Yang, 1992 

10 Hajduczok et al.. 1994 

(1 mM, 1 mM) Ito etial., 1990 

400 Swernp et al., 1991 



Y 
Y 



10 

(i.v. 2.5 
mg/min) 
(10 mM) 
20 

100 

500 



Shanha et al., 1995 

Bauniann et al.» 1988 

Williamson. 1990 
Cunningham et al., 1995 

OHet land Bourque, 1994 

Santds^acchi, 1991 



Force development 


Guinea pig papillary 
muscle 


Y 




10 


Lab al., 1994 


Contracture 


Rat uterine smooth muscle 


Y 


N 


100, 3000 


Kasax et ah, 1995 


Axrhythmias 


Canine ventricular muscle 


Y 




10 


Hansen et al., 1990 


Depolarization 


Canine ventricular muscle 


Y 




10 


Stacyiet al., 1992 


Depolarization 


Guinea pig urinary 
bladder myocytes 


Y 




40 


Wellner and Isenberg, 1994 


Peptide secretion 


Rat atrial myocytes 


Y 




5-80 


Laine et al.. 1994 


Transmitter release 


Frog neuromuscular 


N 




100 


Cheniand Grinnell, 1995 



Plants and sonie lower 
invertebrates 

Touch-induced action 
potential 
Touch-induced tendril coiling 
Ca'"^ efflux from ER vesicles 
Gravity-induced 

Thigmotropism 

Orthogeotropisro 

Tip growth 

Rise in [Ca**]; 
Wind-induced 

Rise in [Ca**J; 
Touch-induced 

Nematocyte discharge 

Nematocyte discharge 



junction 



Chata coralUna Y 

Byronia dioica Y 

Byronia dioica Y 

Zea mays Y 

Zea mays Y 

Saprolegnia ferax (Fungi) Y 

Fungi growing tip Y 

Nicotiana plumba^inifolia N 

Hydra vulgaris 

Cnidaria (Coelentcrates) Y 



0.0001 

10,000 
20 

10 
260 
100 
100 



Stavejs and Wayne, 1993 
Kluesener et al., 1995 



Millet and Pickard, 1988 
Millet and Pickard, 1988 
Garriil et al.. 1993 
Garrih et al., 1993 



(10 mM) Knight et al., 1992 

50 Gitter et al.. 1993 
1 Salleo et al., 1994a,b 



However, for the SA cation channel in chick skeletal 
muscle, raising pH from 7.4 to 10 significantly increases 
the channel's stretch sensitivity as well as its voltage 
sensitivity without affecting single channel conductance 
(Guharay and Sachs, 1985). These last effects were pro- 
posed to occur because a titratable site, possibly involv- 
ing a lysine group of an N-terminal amino acid, may be 



responsible for controlling voltage! and stretch sensitiv- 
ity (Guharay and Sachs, 1985). 

f. ALUMINUM IONS. Aluminum ipns (AI^*) (10 to 100 
mm) also inhibit the SA Ca^^ channel in the plasma 
membrane of onion cells. This inhibition might also con- 
tribute to add soil syndrome because low pH elevates 
free Al^" in the soil (Ding et al., 1993). 



riRR 19 2001 14:57 FR C I ST I ICIST 



TO 13124741 159 



P . 1 5/24 



PHARMACOLOGY OF MECHANOC 

g. TUBOCURARINE. ( + )-Tubocurarine (TO and other 
bisquarternary amines (gallamine, decamethonium and 
succylcholine) selectively depress (TC: IC50 = 19 /xM) the 
mechanoreceptor current of the ciliate protozoan Stentor 
coeruleus without affecting the resting potential and the 
action potential (Wood, 1985). The mechanoreceptor cur- 
rent, in the absence of TC, is increased by depolarization 
(i.e., MG channel open probability increases with depo- 
larization), whereas TC block is relieved by depolariza- 
tion. To escplaln these observations. Wood (1985) pro- 
posed that the MG channel can exist in two voltage- 
dependent closed conformations (R and U) and one open 
conformation. One of the closed conformations (R), pre- 
dominates at depolarized potentials and can be mechan- 
ically activated to open. The other closed conformation 
(U), predominates at hyperpolarized potentials and can- 
not be opened by mechanical stimulation. TC blocks the 
channel by selectively binding to the U form and thus 
prevents the channel from being mechanically activated. 
This model is similar to the conformation model pro- 
posed for amiloride block of the MG channel in Xenopus 
oocytes (Lane et aL, 1991), except the oocyte model pro- 
poses two open conformations. In both cases, drug bind- 
ing occurs to the conformation that predominates at 
hyperpolarized potentials. 

h. HaLOTHANE and OTHER INHALATION ANESTHETICS. 

Halothane reduces the mechanoreceptor potential of 
crustacean stretch receptors: TTX was present to block 
Na"*" channels. The mechanism of this block may involve 
effects on cable properties because neither the time 
course nor amplitude of the mechanoreceptor current 
appeared to be altered (see fig, 8 in Swerup and Ryd- 
qvist, 1985). In a whole lung preparation halothane, 
enflurane and isoflurane were shown to raise the pres- 
sure threshold for recruitment of slowly adapting 
stretch receptors in the tracheobronchial system and 
inhibit pulmonary irritant receptors (Nishino et aL, 
1994). Again, in this situation, the exact mechanism of 
drug action remains unknown. 

i. QUININE. Quinine, a cinchona alkaloid used for the 
treatment of malaria, is known to induce a reversible 
hearing loss in mammals in millimolar concentrations 
(see references cited in Matsuura et al., 1971). Quinine 
causes an irreversible suppression of microphonic poten- 
tials recorded from fish saccular hair cells (Matsuura et 
al., 1971) and an apparent increase in stiffness of the 
hair bundle of the fish lateral- line organ (Van Netten et 
ah, 1994). These results are similar to the effects of 
aminoglycosides on hair cells and may indicate a direct 
blockage of the MG channel by quinine. 

j. Patty acids, a group of positively charged (medium 
to long chain) fatty acid analogs (table 5) has been shown 
to suppress a SA K"*' channel in toad gastric smooth 
muscle (Petrou et al., 1994). In contrast, negatively 
charged (medium to long chain) fatty acids activate the 
same channel and will be considered in more detail in 
the next section (Petrou et al., 1994). Short chain fatty 
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acids, whether positively or negatively charged, have no 
effect on the channel activity (Petrou et aL, 1994). In 
addition to the fatty acids, the naturally occurring pos- 
itively charged amino alcohol, sphihgosine, also sup- 
presses channel activity. These positively charged com- 
pounds do not appear to act as open channel blockers 
because they do not reduce either channel open time or 
single channel conductance (Petrou et al., 1994). In- 
stead, their inhibitory actions has been proposed to arise 
through an allosteric mechanism (Petrou et al., 1994). 

k. rNTEGRIN-BLOCKINO PEPTIDES AND ANTIBODIES. A spe- 
cific model of mechanotransduction! proposes that me- 
chanical energy distorting the extracellular matrix is 
focused through to the cytoskeleton: via integrins that 
span the plasma membrane (Wang et al., 1993; Ingber, 
1993). In this model, one would expect that agents, such 
as blocking peptides or antibodies, that inhibit integrin 
binding to extracellular matrix proteins would reduce or 
block mechanosensitivity. Two studies, although not di- 
rectly on MG channels, lend supportito this idea. In one 
study (Wayne et al., 1992), it has been demonstrated 
that the integrin blocking peptidis Arg-Gly-Asp-Ser 
(RODS) inhibits both the gravitational and hydrostatic 
pressure-induced polarity of C3rtoplasmic streaming in 
the plant Chara. Both processes haye been proposed to 
be mediated by MG channels. In another study (Chen 
and Gnnnell, 1995), it has been demonstrated that the 
integrin-blocking peptide RGD, as well as integrin anti- 
bodies, suppress stretch-induced release of transmitter 
from frog nerve terminals. Stretch-induced release still 
occurs in the absence of external Ca*'^'*', is not blocked by 
100 /xM Gd^"^ and may involve either MG release of 
internal Ca^"*" or shift in Ca^**" sensitivity of the release 
process. Unfortunately, for patch clamp studies, a prac- 
tical problem in testing integrin function using blocking 
peptides is that the extracellular matrix must typically 
be removed before the plasma membrane can be patch 
clamped. 

1. CISPU^TIN. Cisplatin is the major antineoplastic 
agent used to treat solid tumors such as ovarian, testic- 
ular and bladder cancers (Rosenberg, 1985; Seymour, 
1993). Unfortunately, cisplatin has; a number of dose- 
limiting side effects that include ototoxicity with conse- 
quent hearing loss (see McAlpine and Johnstone, 1990) 
and distal sensory neuropathy, indicated by early de- 
creased vibratory sensibility (Thompson et al., 1985). 
Based on acute studies on guinea pig cochlear micro- 
phonic potentials, it has been proposed that cisplatin 
acts by blocking the MG channel in hair cells in a man- 
ner analogous to aminoglycoside antibiotics (McAlpine 
and Johnstone, 1990). However, voltage clamp studies of 
hair cells have not been carried out to confirm this 
action. In our own studies to test this proposed action, 
we have found that, at up to 100 fM, neither cisplatin 
nor transplatin blocks the MG cation channel in Xeno- 
pus oocytes (L. Hu, D.W.M and O.PJH, unpublished ob- 
servations). 



i 
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Table s 

Amphipathic and amphiphilie actions on MG channeln 



Cell Type 


Channel Ion Selectivity 


Compound Tested 


Action'* 


Reterence 


Kat brsin neurons 


SA K* -selective 


Arachidonic acid 


A 


(Kim et al., 1995) 


45, 52, and 143 pS 


Linoleic acid 


A 






y-Linolenic acid 


A 








Docosahexaenoic acid 


A 

A 








Myristic acid 




vivim ec ai., xwot 








NE 








Elaidic acid 


NE 








Palmitic acid 


NE 








Stearic acid 


NE 








Palmitoleic acid 


NE 








Arachidic acid 


NE 








Erucic acid 


NE 


[ 






Nervonic acid 


NE 






(Negative compounds) 




j 

Viretrou et ai.f 1994/ 


Toad {Bufo marinus) 


SA K*^ selective 


Arachidonic acid 


A 

A 


50 pS 


Myristic acid 


A 

A 


i 




Oleic acid 


A 








Tetradecancsuphonate 


A 






(Poeitive compounds) 










Decylamine 


J 








Dodecylamine 


I 


■ 






Tetradecylamine 


} 


I 

! 






Oleylamine 










Sphin^sine 








(Neutral compoufids) 










Octanol 


NE 








Decanol 










Dodecanoi 






Habbit pulmonary artery 


SA Kica» 


Arachidonic acid 


A 


(kirber et al.. 1992) 


smooth muade 


270 pis 


Myristic acid 


A 






Linoelaidic acid 


A 




E. coli 


SA Anion selective 


Chlorpromazine (-»-ve) 


A 


( Marti nac et al., 1990) 




-700 pS 


Procaine (+ve) 


A 






Tetracaine (-fve) 


A 








Trinitrophenol (-ve) 


A 








Lysolecithin (neutral) 


A 




Chick skeletal muscle 


SA cation 60 pS 


Chlorpromazine 


A 


(Sokabe et al.. 1993) 




Voltage-independent 


Trinitrophenol 


A 




Canine ventricular myocytes 


Swelling activated 


Chlorpromazine 


I 


(Tseng, 1992) 




CP conductance 


Trinitrophenol 


A 





* A, activate; NE, no effect; 1, inhibit. 



m. TARANTULA SPIDER (GRaMMOSTOLA SPATULATA) 

VENOM. Preliminary reports indicate that the venom 
from the tarantula spider {Grammostola spatulata) (GS) 
blocks SA channel currents inXenopus oocytes and chick 
heart cells (Niggell et al., 1996). GS venom also blocks 
the hypotonic swelling- induced elevation of intracellular 
Ca^* (sensed with Fura-2) in GH3 cells proposed to be 
mediated by SA cation channels (Chen et al., 1996). The 
blocking conjcentrations of venom used were 1000 to 
15,000 times: dilutions in saline. Identification of the MG 
channel active components of the venom has yet to be 
made. Concerning the venom's specificity for MG chan- 
nelsy it was demonstrated in GH3 cells that the crude 
venom did not block L-type Ca^"*" channels (Chen et al.» 



1996). However, in another study ion rat hippocampal 
neurons, it has been shown that a purified GS venom 
component (u; -grammotoxin) does block in the micromo- 
lar range P- and Q-type but ndt L-type Ca^'^ chan- 
nels (Piser et aJ., 1996). 

n. COLCHICINE AND VINBLASTINE. The antimiotic drugs, 
colchicine and vinblastine, which act by disrupting mi*- 
crotubules (Borgers et al., 1975), aboHsh mechanotrans- 
duction in the nematode Caenorhabditis elegans 
(Chalfie and Thomson, 1982) and the cricket Acheta 
domesticus (Erler, 1983), respectively. The concentra- 
tions and incubation times used were 0.5 to ImM for 12 
hours for colchicine and 10 mM for up to 21 hours for 
vinblastine. In each case, the specific microtubule struc- 
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- ture that is disrupted is proposed to be part of a su- 
pramolecular complex that underlies touch sensitivity 
(Thurm et al., 1983; Huang et al., 1995; for review see 
Hamill and McBride, 1996b). In contrast to the blocking 
effects of these drugs on lower invertebrates, neither 
colchicine nor vinblastine reduces MG channel activity 
in chick skeletal muscle (see Sachs, 1988) or in Xenopus 
oocytes (OPH and DWM unpublished observations). 
This lack of sensitivity in the oocyte may indicate that 
other types of non-microtubule cytoskeletal structures 
can focus mechanical energy onto MG channels (see 
Sachs, 1988; Hamill and McBride, 1995a). 

5. Blocker sensitivity of mechanosensitive processes. 
Table 4 lists the wide variety of mechanosensitive pro- 
cesses that have been tested at the tissue or whole cell 
level for MG channel blocker sensitivity. Clearly, Gd^* 
has proven the most popular agent in such studies. A 
likely reason for this is that (jd^* causes a complete and 
voltage-independent block (i.e., Tinock out" effect) of 
many types of SA channels, often at relatively low con- 
centrations (1 to 20 /LtM). In contrast, amiloride and 
aminoglycosides only produce a partial and highly volt- 
age-dependent block, even with relatively high drug con- 
centrations (1 to 2 mM). However, even if Gd^^'s action is 
all-or-none, additional control experiments should be 
carried out before either accepting or rejecting an MG 
channel role in a specific process. For example, a false 
positive could arise if the process involved a voltage- 
gated Ca^"*" channel or another process that was Gd^'^ 
blocked. Conversely, a false negative may arise if an 
underlying MG channel is Gd^"^ insensitive (see table 3). 
Notwithstanding these caveats, the breadth of physio- 
logically important mechanosensitive processes that dis> 
play, at the tissue and/or whole cell level, the same Gd^**^ 
sensitivity and ionic requirements as single MG chan- 
nels recorded in the membrane patch is highly impres- 
sive. Presumably, it is the functional versatility of MG 
channels that underlies their ubiquitous expression in 
cells spanning the full evolutionary spectrum. Other 
notable highlights, trends and exceptions indicated in 
table 4 are discussed below (see Section III.A.5.a-f). 
a. MECHANICALLY INDUCED ELEVATION OF INTERNAL Ca^^. 

Internal Ca^"*" is well recognized as a second-messenger in 
a wide range of cellular processes. In table 4, the various 
forms of mechanical stimulation that cause elevation of 
[Ca^'^\ in various cell types are listed. In general, [Ca^'^X 
elevation may come about from one or a combination of the 
following mechanisms: increased Ca^* influx from the ex- 
ternal solution; decreased Ca^**" efflux from the ceU and/or 
increased Ca^**^ mobilization from internal stores. In many 
of the cases listed in table 4, the MS [Ca^"^]! increase is 
blocked by Gd^"^. This is consistent with a Ca^"*" influx via 
(Sd^^-sensitive SA cation channels (Sigurdson et al., 1992; 
Oliver and Chase, 1992; Naruse and Sokabe, 1993; Harada 
et al., 1993; Sharma et al, 1995). However, there is also 
pharmacological evidence for L-type Ca^"*" channel involve- 
ment (e.g., niifedipine and nimodipine sensitivity) (Mc- 
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Carty and O'Neil, 1991; Boitano et al.,; 1994; Mooren and 
Kirme, 1994, but see Naruse and Sokabe, 1993), which is 
significant given the recently demonstrated mechanosen- 
sitivity of this channel (Ben Tabou et ial., 1994; Langton, 

1993) . In cases in which the mechanicaOy induced increase 
in [Ca^*lj occurs via release from internal stores, extemad 
Ca^^ Is not necessary (Boitano et al„ 1994; CHiarles et al., 
1991; Demer et al., 1993; but see Siguardson et al, 1992). 
For example, in airway epithelial cells, internal Ca^"^ i-e- 
lease is proposed to be mediated by 4 mechanosensitive 
phospholipase C that modulates, via| IP3, Ca^'^ release 
from internal Ca^"^ stores (Boitano et al., 1994). Interest- 
ingly, Gd^"^ addition, in the absence ofi external Ca^**", can 
cause a larger MS increase in tCa^^^lj, presumably because 
Gd^* blocks Ca^* efflux via MG channels in the plasma 
membrane (Boitano et al, 1994). 

b. VOLUME REGULATORY EVENTS. Many cell types show 
a regulatory volume decrease (RVD) when swollen in 
hypotonic solutions. Table 4 lists examples of RVD that 
can be blocked by low (10 fxM) Gd^"*". In general, RVD is 
mediated by an increase in K"*" and GP efflux and con- 
sequent net water efflux and may involve either Ca^*- 
dependent or Ca^"*" -independent medhanisms (for criti- 
cal review see Foskett, 1994). Therefore, Gd^* could 
presumably block RVD either by blocking Ca*"^ influx 
into the cell (e.g., via a SA cation: channel), thereby 
indirectly blocking K'*^(Ca) and/or Cl'(|ca) channels (table 
4) or by directly blocking swelling-activated K"*" and/or 
CI" channels (Deutsch and Lee, 1988; Berrier et al., 
1992; Medrano and Gruenstein, 1993; Ackerman et al, 

1994) . Many cells also show a regulatory volume in- 
crease (RVI) when shrunken in hypertonic solution. RVI 
may arise through net influx of Na"t and Cl~ and con- 
sequent net water influx. In this iregard, Gd^"^ also 
blocks a cation channel activated by; osmotic shrinkage 
(Chan and Nelson, 1992), although it remains unclear at 
this stage whether the channel is MQ. 

C. GROWTH ANTD DEVELOPMENTAL EVENTS. It is plausible 
that as cells grow in size, develop and divide that mechan- 
ical signals play a regulatory role. In this regard, MG 
channels would seem attractive candidates to sense and 
transduce tension changes in the cell membrane during 
cell growth and development. This idea has received some 
experimental support in the form ofiGd'* sensitivity of 
stretch-induced endothelial cell alignment, lung cell prolif- 
eration and myoblast fusion (see table 4). In the case of 
Xenopus oocytes, which do express a : relatively high and 
uniform density of MG channels, the -lack of MG channel 
blocker sensitivity seems to rule out MG channels playing 
a critical role in oocyte maturation, fertilization or embry- 
ogenesis (see Wilkinson et al., 1996a,; b). However, a pos- 
sible role in oocyte growth and diflferentiation has not been 
excluded. The proposal that SA cation channels are in- 
volved in stretch-induced cardiac hypertrophy (Busta- 
mante et al., 1991) seems unlikely, given that Gd^* does 
not block stretch-induced hypertrophy of rat cardiac myo- 
cytes (Sadoshima et al., 1992). 
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d. SPECIALIZED MECHANOSENSORY RECEPTORS. Ajtl obvi- 

ous question concemiiig the various MG channel block* 
ers is whether they also act on specialized mechanore- 
ceptors such as those studied by Paintal (1964). In the 
case of arterial, baroreceptors, although an initial study 
indicated little or no Gd^"*" sensitivity (Andresen and 
Yang, 1992), more recent studies indicate that 10 fiM 
Gd^"*" is sufficient to block baroreceptor discharge in 
carotid receptors (Hajduczok et al., 1994) as well as 
mechanotransduction in the nodose sensory neurons 
that project to the carotid (Sharma et al., 1996; Cun- 
ningham et aL, 1995). In the case of central osmorecep- 
tion, which is important in regulating fluid balance and 
thirst, it has been demonstrated that Gd^"*" blocks (IC50 
« 20 jjm) the hypertonically induced MG cation conduc- 
tance that underlies osmosensitivity in rat brain su- 
praoptic neurons (Oliet and Bourque, 1994, 1996). How- 
ever, in the most recent study, examination of the single 
channel data indicates that Gd^*^ only partially blocked 
the channel, even at 100 pM. Unfortunately, a compli- 
cating factor in these measurements was the presence of 
the chelator ethylenediamine-tetraacetic acid (1 mM) in 
the pipette recording solution. In the case of vertebrate 
muscle stretch receptors, relatively high (---l mM) Gd^**" 
or high (2 mM) amiloride concentrations only produce 
partial block (Ito et al., 1990). Similarly, high (400 /xm) 
Gd^"*" is required to block the crayfish muscle stretch 
receptor (Swerup et aL, 1991). Unfortunately, no reports 
exist on the Gd^**" sensitivity of specialized cutaneous 
mechanoreceptors such as the Pacinian corpuscle. Fi- 
nally, although amiloride and aminoglycosides are well 
established blockers of mechanotransduction in the verte- 
brate audiovestibular hair cells, there are no published 
reports on the Gd^"^ sensitivity of mechanotransduction in 
this preparation, although high Gd^"^ concentrations (500 
/xM) have been reported to block voltage-dependent outer 
hair cell motility (Santos-Sacchi, 1989, 1991; however, see 
Gale and Ashmore, 1994). 

e. MUSCLE. MG channel blocker sensitivity supports a 
role for SA cation channels in stretch-induced contraction 
in smooth muscle (table 4; see also Kirber et al., 1988) and 
stretch-induced depolarizations and arrhythmias in ven- 
tricular muscle (Hansen et al., 1991; Stacy et al., 1992), 

f. PLANTS. Perhaps the most notable feature of plant 
studies is the wide range of Gd^* concentrations required 
to block different processes. For example, whereas only 100 
picomolar Gd** is required to block the touch-induced ac- 
tion potential in Chara, 10 mM Gd^"^ only partially blocks 
tendril coiling in Bryonia (table 4). 

B. Activators 

A diverse group of compounds including lipid metab* 
olites, free fatty acids, lipids and amphipathic molecules 
are able to activate certain MG channels. It is believed 
that these compounds themselves directly affect channel 
activity by either interacting with the channel protein or 
the lipid environment rather than by producing active 



metabolites through various enzymatic pathways (e.g., 
lipoxygenase or cyclo-oxygenase pathways) that then act 
on the channel (Meves, 1994). A number of possible 
mechanisms have been proposed: (d) partitioning into 
the bilayer to alter membrane tension (Martinac et aL, 
1990; Markin and Martinac, 1991), (6) changing mem- 
brane deformation energy (Lundbajek and Andersen, 
1994) or (c) interacting with aJlosteric sites on the chan- 
nel protein (Petrou et al., 1994; Kirber et al., 1992; Kim 
et al., 1996). 

1. Amphipathic molecules, Amphipathic molecules 
have both hydrophilic and hydrophobic groups and may 
be either positive, negative or have no net electric charge 
(e.g., chlorpromazine, trinitrophenol and lysolecithin, 
respectively). Martinac et al, (1990) demonstrated that 
amphipathic molecules, when introduced into the exter- 
nal bathing solution, could reversibly increase the open 
probability of an SA anion channel ;in E. coU, When a 
particular amphipath, either cationic or anionic, was 
used alone, the effects were sdwayis stimulatory (i.e., 
open probability increased). However, cationic and an- 
ionic amphipaths, used in succession, first stimulated, 
then neutralized, this stimulatory effect and eventually 
resulted in a stimulatory effect. The effects were typi- 
cally slow, sometimes taking up to an hour to increase 
open probability to unity. Amphipaths appeared to act 
by shifting the sigmoidal stimulus-riesponse relation to 
the left so that lower pressures activated the channel 
without affecting the slope of the Boitzmann (i.e., stim- 
ulus-response curve). These effects were interpreted in 
terms of the bilayer couple hypothesis, in which cationic 
amphipaths insert into the positive inner monolayer and 
anionic species partition into the negative outer leaflet 
of the E. coli membrane (Sheetz and Singer, 1974). Ac- 
cording to this hypothesis, the introduction of molecules 
into one leaflet increases the membrane tension in the 
adjacent leaflet and thereby activates the MG channel. 
However, it remains unclear why neutral amphipaths 
have a stimulatory effect unless steriic factors also result 
in unequal partition within the different monolayers 
(Martinac et al., 1990; Markin and Martinac, 1991). A 
notable feature of the bilayer couple model is that mech- 
anosensitivity derives entirely from interactions within 
the bilayer. This basic idea has received strong support, 
at least for the E. coli MG channel, in the form of recent 
studies showing that mechanosenitivity is retained 
when the MG channel protein, either purified from 
membranes or in vitro transcribed from the cloned gene, 
is reconstituted into artificial lipid bilayers (Sukharev et 
al., 1993; 1994). It will be interesting to determine 
whether amphipath sensitivity is reltained when chan- 
nels are reconstituted into bilayers; formed from only 
pure neutral phospholipid. 

The bilayer couple model contrasts with models that 
depend upon cytoskeletal (Guharay and Sachs, 1984) or 
extracellular protein interactions (Howard et al., 1988; 
Wang et al., 1993). Although different mechanisms of 
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jnechanosensitivity need not be mutually exclusive, it is 
interesting that chlorpromazinc and trinitrophenol also 
stimulate SA cation channels in chick skeletal muscle 
preparation (Sokabe et aL, 1993) where the initial cy- 
toskeleton model Nvas developed (Guharay and Sachs, 
1984). On the other hand, lipid molecules have been 
shovm to trigger changes in the elasticity of the cytoskel- 
etal network in plant cells (Grabski et al., 1994), raising 
the possibility that amphiphiles and amphipaths have 
multiple sites of action capable of influencing MG chan- 
nel activity, 

2. Fatty acids . and lipids (amphiphilic molecules), Am- 
phiphilic molecules have polar heads attached to a long 
hydrophobic tail and include such compounds as fatty 
acids and lipid molecules. Recent studies indicate that 
fatty acids activate various MG channels independent of 
fatty acid metabolic pathways (i.e., cyclo-oxygenase or 
lipoxygenase pathways) (Kiber et al., 1992; Kim, 1992; 
Petrou et al., 1994; Kim et al., 1995). In particular, 
Kirber et al. (1992) demonstrated that arachidonic acid 
increases or modulates the activity of a large conduc- 
tance, SA K'^(ca) channel in rabbit arterial smooth mus- 
cle. This effect does not depend on the generation of 
arachidonic acid metabolites because saturated fatty ac- 
ids such as myristic and linoelaidic acids, which are not 
substrates for the enzymes that convert arachidonic acid 
to active metabolites, also activate the channel. Further 
evidence of a direct effect was indicated by cell-free 
patch experiments in which activation by fatty acids was 
retained in the absence of soluble cytoplasmic enzymes 
(Kirber et al., 1992). Another SA K"^ channel, in this 
case in gastric smooth muscle, also displays fatty acid 
activation (Petrou et al., 1994). However, although neg- 
atively charged fatty acids stimulate MG channel activ- 
ity, positively charged fatty acids inhibit activity (see 
above in Section in, A.4.j), and neutral analogs are 
without effect (table 5). This SA K"^ channel seems likely 
to be indirectly mechanosensitive (see mechanisms 
above) because stretch activation occurs with latencies 
of seconds rather than milliseconds (Ordway et al., 

1991) , persists for seconds after removal of stretch, and 
activation can he suppressed by perfusion with albumin, 
which is known to remove fatty acids from membranes 
(Ordway et al., 199S). These observations have led to the 
proposal that membrane stretch alters channel activity 
by generation of fatty acids, possibly via a stretch sen- 
sitive membrane phospholipase (Jukka et al., 1995). 

In a third cell type, involving neurons from the mes- 
encephalic and hypothalamic regions of the rat brain, 
there are a nvimber of fatty acid-activated SA K"^ chan- 
nels that can be distinguished by their open channel 
properties. In all cases, albumin fails to reduce stretch 
sensitivity, indicating that stretch and fatty acids may 
activate this channel by different mechanisms (Kim et 
al., 1995). A eimilar conclusion was made for the arachi- 
donic sensitive SA K* channel in heart muscle (Kim, 

1992) . Another difference between SA K"^ channels in 



neurons and smooth muscle is that the saturated fatty 
acids myristic acid and oleic acid, which activate the 
smooth muscle K'^ channels, have no (effect on the neu- 
ronal channels. Taken together, the evidence indicates 
that the SA K"** channels in muscle and neurons involve 
direct fatty acid activation of the channel protein itself 
or an associated regulatory protein on smooth muscle 
and neurons. The fact that the fatty acid activation 
profile of K"^ channels in muscle an^ neurons differs 
indicates there may be a number of; cell type-specific 
fatty acid binding sites, which may or may not be in- 
volved in conferring mechanosensitivity on the channel. 
Arachidonic acid and other fatty acids,; apart from effect- 
ing the SA channels described above, :also have actions 
on a wide range of other non-MG channels involving a 
variety of mechanisms (for review seei Meves, 1994). 

A number of features distinguish amphipathic from 
amphiphilic activation. First, the time course of activa- 
tion differs. Whereas amphipaths activate the channel 
slowly (~1 hour), fatty acid activation is relatively fast 
and occurs in seconds. Second, at least for the K'*"^ca)» 
fatty acids are not capable of activating the channel in 
the absence of basal activity (i.e., in zero external Ca^* 
or at very negative potentials), indicating a modulatory 
role rather than primary activation (Kirber et al., 1988). 
In contrast, amphipaths can activate the E, coll MG 
channel in the absence of mechanical istimulation (Mar- 
tinac et al., 1990). Third, the dependence of charge 
polarity of fatty acid effects differs from the polarity- 
independent stimulatory effect of amphipaths (Martinac 
et al.. 1990), Finally, although the K^^ca) channel is 
stretch-sensitive, it is not clear to what extent stretch 
and fatty adds can act independently of one another. For 
example, it may be stretch sensitivity -does not reside in 
the channel itself but instead resides in a stretch-sensi- 
tive phospholipase that generates fatty acids (Brophy et 
al., 1993; Jukka et al., 1995). In contrast, with the E. coli 
channel, it is qtiite clear from reconstitution experi- 
ments, using the purified channel protein, that mech- 
anosensitivity arises purely from interactions between 
the protein and its surrounding bilayer environment 
(Sukharev et al., 1994). 

5. Other activators. As in the case with blockers, there 
are a number of chemicals that have been reported to 
have activating effects on specific MG channels. 

a. ALUMINOFLUOKIDE. In contrast to blocking effects of 
Al^**" described above, it has been reported that alumi- 
nofluoride (20 /jlM AICI3 plus 20 mM kF) activates a SA 
cation channel in gastric smooth muscle cells (Hisada et 
al., 1993). However, AIF3 effects were studied on SA 
channel activi^ activated by membrane hyperpolariza- 
tion rather than by stretch (see Hisjada et al., 1991). 
Interestingly, in contrast to the plant study in which 
Al^"*^ was reported to have an inhibitory effect (Ding et 
al., 1993), application of 20 /xM AICI3 h;ad no effect on SA 
channel activily when applied in the absence of F" 
(Hisada et al., 1993). The mechanism of action of AIF3 
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remains unknown but it has been proposed that this 
activation may play a role in smooth muscle contraction 
(Hisada et al., 1993), 

b. ethyl-N-phenylcarbamaTE. The herbicide, ethyl-N- 
phenylcarbamate, which is known to interfere with 
gravitropism in plants, has been shown to gradually 
stimulate MG channel activity in onion protoplasts over 
the concentration range of 10 to 1000 ptM (Ding and 
Pickard, 1993a). Although the mechanism of action has 
not been determined, this compound is known to alter 
the plant cytoskeleton (Nick et aL, 1991). 

c. CYTOCHALASINS. A specific theory of SA channel 
activation is based on cytoskeletal involvement in fo- 
cusing mechanical energy onto the SA channel- Be- 
cause several classes of compounds interact with spe- 
cific cytoskeletal proteins, a reasonable assumption is 
that at least one or more of these drugs may have 
affects on channel activities (see Mills and Mandel, 
1994). However, as it turns out, the results so far have 
been either negative or ambiguous. For example, the 
microtubule disrupting drugs, colchicine and vinblas- 
tine, while blocking mechanotransduction in lower in- 
vertebrates, have been shown to have no effect on SA 
channels activity in at least two different vertebrate 
preparations (see Section III, A.4.n). In the case of 
cytochalasms, which are known to selectively disrupt 
actin filaments, the reports on SA channels have been 
contradictory between laboratories; even conflicting 
reports have arisen from a single laboratory. The ba- 
sis of the discrepancies is that some studies report 
that cytochalasins increase the SA channel's sensitiv- 
ity to stretch (Guharay and Sachs, 1984; Small and 
Morris, 1994), whereas others report no effect on 
stretch sensitivity (Sokabe et al., 1991; O.P.H. and 
D.W.M., unpublished observations). Despite the ap- 
parent failure of pharmacological means to clearly 
implicate specific cytoskeletal proteins in SA channel 
function, other studies, using nonpharmacological 
means, have clearly implicated some form of cytoskel- 
etal involvement (Hamill and McBride, 1996a). These 
studies involve conditions in which the membrane in 
the patch is physically decoupled ft-om the underlying 
cytoskeleton (Hamill and McBride, 1992) or in which 
cytoskeleton free vesicles of plasma membrane have 
been studied (HamiU et ah, 1995; Zhang et al., 1996). 
Under both conditions, mechanosensitivity is either 
lost entirely or significantly reduced, 

IV. Summary and Conclusions 

In this article, the actions, mechanisms and applica- 
tions of various ions and drugs that interact with MG 
channels have been discussed. At present, no compound 
has been found that displays the high specificity and 
affinity exhibited by tetrodotoxin or a-bungarotoxin that 
proved so useful in the functional and structural char- 
acterization of the voltage-gated Na**" channel and the 
acetylcholine receptor channel, respectively. Neverthe- 
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less, three different classes of compounds have been 
discovered since Paintal's review that clearly block MG 
channels- These compounds, repr;esented by amiloride, 
gentamicin and gadolinium, act mainly on the SA cation 
channel, which appears to be shared by many nonsen- 
sory and some mechanosensory cells. Each class of com- 
pound can be distinguished by the voltage and concen- 
tration dependence of the block and most likely involves 
diflFerent mechanisms of blocking action. In general, the 
MG channel blocker pharmacology indicates a variety of 
"receptor sites" on MG channels! The recognition and 
acceptance of such receptors should provide added im- 
petus for continued screening for more potent drugs, 
venoms and toxins. 

In the case of activators, little is understood of the 
mechanisms by which the various amphipathic and am- 
phiphilic comjKjunds stimulate MG channels, although 
different bilayer and protein m'echanisms have been 
evoked. Even less is understood of the role the new class 
of MG K"^ channel and their modulation by fatty acids 
plays in physiological and perhaps pathological pro- 
cesses. However, given that K**" channels in general tend 
to reduce the excitability of nerve and muscle, plausible 
roles include fatty acid regulatioh of vascular tone and 
control of neuronal network excitability. In both cases, 
more detailed understanding is required regarding the 
physiological stimuli that mo<?ulate these channels 
through their fatty acid receptors. It may turn out that 
recognition and/or development of cell-type specific 
agents that activate such MG channels will possess high 
therapeutic potential. In any case, the observation that 
MG channels can be chemically blocked and/or activated 
by a wide range of compounds requires revision of the 
long-standing conclusion of Paintal that mechanotrans- 
duction is a process that has a low susceptibility to 
chemical influence. 
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Abstractl As predicted frorn stretch-induced changes of 
rate and niythm in the heart, acutely isolated embryonic 
chick heart cells exhibit whole-cell mechanosensiiive 
currents. ;These currents were evoked by pressing on 
cells with a fire polished micropipette and measured 
through Sk peiforated patch using a second pipene. The 
currents Were carried by Na"*' and K"^ but not Cr. and 
were indq>endeni of external Ca^*. The currents had lin- 
ear /A^ciirves reversing at -16 mV and were completely 
blocked by Gd^ ^30 fiM and Grammostola spatuUxta 
venom at: a dilution of 1:1000. Approximately 20% of 
cells showed time dependent inactivation. In contrast to 
direct mechanical stimuladon, hypotonic volume stress 
produced :an increase in conductance for anions rather 
than caupns — the two stimuli are not equivalent. The 
cells had i two types of stretch-activated ion channels 
(SACs): a!2l pS nonspecific cation-selective reversing at 
-2 mV anjd a 90 pS K* selective reversing at -70 mV in 
normal saline. TTie activity of SACs was strongly cor- 
related with the presence of whole-cell currents. Both 
the wholckell currents and SACs were blocked by Gd^ 
and by Grammostola spatuUua spider venom. Mechani- 
cal stimuljation of spontaneously active cells increased 
the beatinjg rate and this effect was blocked by Gd'*. 
We conclude that physiologically active mechanosensi- 
tive currer|ts arise from stretch activated ion channels. 

Key words: Stretch Volume — Voltage clamp — 
Patch clanip — Transduction 

Introduction 

Mechanical stimulation has long been known to increase 
automaticity and alter the action potential in whole hearts 
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and isolated tissues (Bainbridge, 1915; Rajala, Kalb- 
fleisch & Kaplan. 1976; Lab, 1980). the simplest ex- 
planation for these effects would appear to be stretch- 
activated channels. Such channels have been observed 
in a variety of isolated cardiac cells including frog (Kohl 
et al.. 1992), chick (Ruknudin, Sachs: & Bustamante, 
1993), rat (Kim, 1992; Craclius. 1993). rabbit (Hagiwara 
et al., 1992). guinea-pig (Bustamanie Ruknudin A 
Sachs. 1991), and human (Nanise & Sokabc, 1993). De- 
spite the wide variety of the data on effects of stretch on 
cardiac tissues, only a single study has Heen made of the 
corresponding wholc-cell currents (Sasaki, Mitsuiye ic 
Noma. 1992), and because of the difficulty of applying 
repeatable stimuli, that study provideid limited data. 
Many researchers have used hypotonic swelling or infla- 
tion through the recording pipette as ailtemative "me- 
chanical" stimuli although it is not jclear that such 
stimuli act via a common mechanism (Hagiwara et al., 
1992; Van Wagoner, 1993; Kim, 199i; Zhang et al., 
1993; Kim & Fu, 1993; Ackermari. Wickman A 
CJapham, 1994). 

Stretching the heart may lead to arrhythmias of clini- 
cal significance (Dean & Lab. 1989; Franz et al,, 1989; 
Hansen, Craig & Hondeghem, 1990)1 Such su^etch- 
induced arriiyihmias in dog hearts can: be blocked by 
Gd^*^ (Yang & Sachs, 1989) but not by prganic blockers 
of Ca^"^ channels (Hansen et al., 1991) 'suggesting that 
mechanosensitive (MS) ion channels mky be involved. 
In this paper, we demonstrate stable whblc-cell currents 
activated by direct mechanical strain andjshow that these 
currents are not the same as those activated by hypotonic 
swelling. The strain sensitive cunrent is capable of alter- 
ing the beating rate of the cells and thils effect can be 
accounted for by the presence of two t^pes of stretch- 
activated channels (SACs) found in the bells. We used 
chick hean cells— an established preparation whose me- 
chanical sensitivity has been demonstrated by pressure- 
induced changes in rate, strain-induced Cpa^'*' floxes and 
the presence of SACs (Rajala et al., 1976; Szgunlson et 
al., 1992; Ruknudin et al., 1993). 
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Materials and Methods 

Chick Ventricular Cell PnerARATiON 

I 

The cell preparation mcihod was modified from Sada ei al. (1988). 
Briefly, heins of 16-17 day old While Leghorn chick embryos were 
dissected, vcniricles were removed, washed with divalen(*ioii free sa- 
line (D-PBiS, CI0CO, Grand Island. NY), minced, chen stirred in a 
37*C incubktor with an enzyme solution containing 0.02% coUagenase 
(Sigma. St.| Louis. MO) and 0.2% nypsin (Sigma). The isoladon pro- 
ceeded stefiwise. The supemarani obcained by the first stimng of 15 
min contuincd few ceUs and was discarded. Sreps two through four 
used fresh aliquots of enzyme solution for 5 min, and the supematuncs 
of These steps were saved. The cell suspensions went mixed with mini* 
mum essential medium (MEM. GIBCO. supplemented with 10% home 
serum. GIBjCO, plus 2% chick embryo extract), and gently ccniritH>ged. 
The cells were gently resuspended. distributed into culture dishes and 
maintained |in u tissue culture incubator at 37*C. We conducted our 
experiments 1-3 days after cell preparation when the cells had stuck to 
the coversliip. We used rounded rather than elongated celts because it 
was simplci; to apply the mechanical stimulation. Using a single pipette 
to pfttss oni the top of the celb, we could expect relatively uniform 
stimulation ;(5ee below) compared to the .same stimulation applied to 
part of an cllongated cell. The cells could be electrically or mechani- 
cally stimulated to beat indicating that they were healthy. AU experi- 
ments werel conducted ai a room lemperacuFe of 22-24"C. 

i 
j 

ELECTROjjHYSIOLOGY AND MECHaNICAL STIMULATION 

i 

We conducted studies using whole<elI. single-channel, and loose •seal 
recording. jPatch-clamp techniques followed siandArd procedures 
(HamlU et sU.. 1981). Micropipeites were made from lOOX capillaries 
(Drummond Microcaps. Thomas Scientific. Swedesboro. NJ). Hie polr 
ished. and hbving a resistance of 2^3 uCi when the pipene soluiioD was 
high K* saline and the bath solution was normal saline {see Solutions 
below). Cutrents and voltages were recorded with a CV-3 headstage 
(Axon Insctjumcnis. foster Gty, CA), using an Axopatch-IB patch 
clump (Axoin), a VR-10 CRC digiral data reorder (Instrutech, Elmoni, 
NY) and a ^CR (JVC. HR-S7000U. Japan). A 902LPF low-pass filter 
(Frequency Devices, Haverhillp MA) was applied before data acquisi* 
tion. Baih solutions with a perfusion rate of 1^ ml/min and the volume 
of the chamber was 0.5 ml. 

In the I whole-cell studies, we used one micropipetcc for perfo- 
rated-patch j/oltage-clamp (Horn Sc Many. 1988) and another for me- 
chanical sdrnulation. These art noted respectively as the recording and 
stimulaung pipeaes. The whole<ell configuration was considered as 
formed (nodcd time 0 for stability tests) when the series resistance 
decreased tcl 15 mH or lower and was stable for at Iciist 2 min. The Up 
of the stimulation pipene was a few jj.fn in diameter, fire-polished and 
mounted on a piezoelectric manipulator widi the axis of the pipette tip 
nearly parallel to the stage. We prc.<vsed the side of the pipette agairuM 
the cell using (he vertical displacement of the pipette as a measure of 
the cell strain. Maximal displacements were less than 4 |im and were 
expected to produce mean cortical tensions of <l-3 dync/cm (c./ Dis- 
cussion). The manipulator (Burleigh PCS- 1000. Fishers, NY) was con- 
trolled cither manually or by a computer running Labview'^'^. In the 
latter case we used trapezoidal stimulus pulses to avoid mechanical 
resonances o|f the probe und manipulator. Unless otherwise noted, the 
results below refer to non in activating currents. Single -channel expert^ 
ments used standard techniques (Hanull et al.. 1981). and only seals 
with a resistance of >I0 GCl were used. In the I/V study of the single 
channels, the cell resting potendal was measured by the end of the 
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experiment by rupturing (he patch and immediuiely recording the po- 
temiat in current clamp mode. 

In our loo6c-seaI studies (StUhmer et ul.. 1983). the seal resistance 
was 20--40 Mi). In both sing It -channel 9nd loose-seal studies, suudon 
was applied to the pipette for mechanical .stiriiulaiion (Guharay & 
Sachs, 1984). 

In the whole-cell experiments, we found that after mechanical 
stimulation the cells became sensitive to changes in perfusion condi- 
tions often causing loss of stable recordings, especially when the re- 
placing solution was nonphysiological. Becau.<(e of this high failure 
rate, we were often unable lo compare recordings; from (he .same celt in 
different solutions, and had to resort to population studies. The reason 
(hat mechanical stimulation caused cells to become sensitive to perfu- 
sion is not clear, although it is possible (hM strain jmay disrupt the cells' 
anachments to the substrate. 

In the whole-cell experiments, we mooitcired the cell under a 
phase-contrast microscope (magnificadon 2(X)>0 during mechanical 
stimulauon. Cell diameter was measured using: a micropipetie as a 
pointer. We moved the pipette from one side of the cell to the other by 
changing the voltage applied to the stimulaung manipulaior, and con- 
vened the voltage difference to the dlsplacetxi^nr. In some experi- 
ments, particularly when we measured the lateral 'strain, we videotaped 
die image of the cell using a CCD camera (OBC.iCCD-500. USA) and 
a VCR (JVC. HR-S7000U, Japan). These images were digitized for 
off-line analysis using a frame grabber (Data Translation. Model- 
2861). 



Solutions (in mM) 

i 

Normal salmt (NS): ISO NaO. 5 KCL 2 CaCIs, I MgCl,. 10 HEPES. 
pH 7.4 titniied with IN NaOH, 329 mOsm: Hi^fi K* saline {MO: 5 
NaCK 150 KCI. 03 K-EGTA. 10 HEPES, pH p.4 derated with IN 
KOH, 323 mOsm; Na-isethionate: 160 Na-iseihionate, lO H£PE.S, pH 
7.4 titrated with IN NaOH. 330 mOsm; Mlann\toi solurion: 330 d- 
manniiol> 2 CaCI^; 336 mOsm. Hypotonic mannhol solution: 2S0 O- 
mannitol, 2 C&CI,. 256 mOsm. For perforated patches, the pipette was 
filled with HK containing 200 M-g^ml nystatin (nystatin fiist dis.solved 
in DMSO ut 20 mg^ml) or 100-200 |ig/ml ampYiotericin B and soni- 
cated before filling the pipette, noted as nystctin jsolutton and ampho- 
tericin B soludon respectively. For loose-seal experiments, we used 
both NS and HK. with and widiout Ca^'. as the pipette solution. The 
baih soludon was always NS unless otherwise specified. Orammojtola 
spoiulata venom was obtained from Spider Phnnin, Seasterville. PA. 

Data Acquisition and Processing 

Analog signals (real-time or replayed tape recordings) were sampled 
through a computer interface BNC-2080 connected to an I/O board 
AT-MtO- I6X using LabVlEW softwans (Nab'ooali Instruments* Austin, 
TX) into a computer (Gatcway2000 Model 4865X2/50). LobVIEW 
was also used to gerterate command protocols f(xr whole-cell voltage 
clamping, to drive the piezoelecirics for mechanical stimulauon, and 
for preliminary duia processing as well. AXUMj (TriMetrix, Seattle. 
WA). SCIENTIST™ (Micromuth. Salt Lake City. UT). IPROC 
(Axon), and other software were used for data pfi>C!e.^ning and graphing. 
The sampling rate ranged from 500 Hz to 10 kHz depending on the 
speed and the Hmc length of the event of interest, and was bandlimited 
at the Nyqutst limit or lower. When plotting, the! less important data 
were often decimated to simplify graphing while m^aintaining the visual 
effect. Unless otherwise specified, all the siatisdcsil results given are in 
the form of mean ± so. 
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Fig. 1. Phase contrast phoiomicrogtBphs of « cell and the stimulation 
(right) and recording (left) pipettes showing tfie relatively small change 
In shape associated with stimulation. Panels A and C were taken, rc- 
speciively, bclfore and after sdmulatlon, and panel B wa^ taken while 
the cell was pressed by the stimulation pSpetie. The diameter of the 
maximal cross-section of the cell in panel B is used as the scale bar, and 
is 16 |i.m. TY^ diameters of the cell in A and C are similar. 15 iM.m, 
indicating godd recovery. The downward displacement of the stimula- 
tion pipette wias 3.8 ^m. 



Abbreviations 

I 

MS (mcchanosensiiive). SAC (Sirerch-Activatcd Channel). MSC 



(Whole-Cell Mechanosensiiive Current) 



Results 



General Description of the Cell 

The cells siudied had resting potentials of -69-9 ± 3.6 
mV (n = 25, measured from single cells) at room (em- 
peraiure at 22-24*C. They could be clecuically or me- 
chanicaliy s'timulaced to beat and produced action poten- 
tials. Theyi displayed typical voltage-sensitive Na"^, 
Ca^*^, and currents when scep-voltage clamped. The 
cells were generally spherical with a diameter of 15.7 r 
2.1 jxm(/i 4 9). and a capacitance of 7.0 :£ 1.97 pF(n = 
25). Figure |1 shows photomicrographs of a cell with and 



without mechanical stimulation. When this cell wa:» 
pressed against the coversUp by 3.8 fi.m, the maximal 
diameter increased from 15.4 (xm to 16:1 ^-m. 

The MSC in Normal Saline 

1 

An example of whole-cell currents recorded with NS in 
the bath are shown in Fig. 2A. The MSC was inward at 
holding potential of -71 mV, rcversiblej, and its ampli- 
tude was monotonic with the displace^ient of the me- 
chanical stimulation pipette. The currents were de- 
pressed by 83 ± 6% (n = 4) in 20 ^tM Gd^'*'. unmeasur- 
able in 30 jlm Gd^"^. and displayed only partial recovery 
during washoute lasting 15-30 mjn (n = 3). Higher con- 
centrations of Gd^* (100 ^.m) also blociced MSO», but 
recovery during washout was small (Fig. 2fi, n = 3). 

Spider venom from Grammastola spfltulata that has 
t>ecn shown to block SAC activity in other cells (Chen et 
al., 1996: Niggel et al., 1996), also conipleiely blocked 
the MSC (Fig. 2C n = 4) and SACs in cell attached 
patches (Hu, 1996). Washout was generally irreversible 
within 15-30 min, although the cells could still generate 
normal voltage dependent currents (Hu» 1996). 

To measure the J/V curve of the MSC, we applied a 
ramp voltage in the presence and absence of mechanical 
stimulation (Fig. 3), These total whole-Jcell l/V curves 
are representative (Fig. 3^4) and show the ^xpected strong 
inward K* rectification (Josephson & Sperelakis. 1990). 
In Fig. 3B. the difference current had a lihear regression 
of / — 1.01 + 0.06V; indicating a reversal potential of 
-17 mV and a conductance of 60 pS/pF. The mean over- 
all reversal potential was -16.4 ± 1.3 mV (n ^ 5). al- 
most identical to the value of -15 mV reported for 
guinea-pig ventricular cells (Sasaki et 1992). The 
conductance was modulated by the strain^ but it was not 
possible to make quantitative comparisons between cells 
because of the lack of control of local strain. The maxi- 
mal observed conductance in NS (but not necessarily 
saturating) was 600 pS/pF. 

Since earlier experiments showed a j wide range of 
responses to mechanical stimulation (Sasaki et al., 1992), 
it was important to test the reproducibility of our stimu- 
ladon. For repeated stimuli applied to the same cell, the 
response was stable over time provided thb stimulus was 
not repeated very ofxen. The peak MSC ivaried by less 
than 10% over 2-4 seconds (n = 15 stimuli applied to 4 
cells, e.g. trace a of Fig. 25), and less than 15% over 
5-20 min {n = 3). For the short term smdy, we applied 
sets of stimuli to each cell with patterns as ishown in trace 
d of Fig. 20. The peak displacements ranged from 1.7 
M.m to 3.3 p.m> but were the same in each set. We av- 
eraged the 3 peak MS currents within eachjset, calculated 
the ratio of each current to the mean current, and pooled 
these ratios to characterize the stability jas a standard 
deviation. For the long-term study (Fig. 4)> we applied 
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Fig. 2. lylSCs in normal saline and blockage by Gd** and CrammO' 
Stola spatufato venom. (A) Siimuluj-rcsponsc rclauonship and rcvcrs- 
ibiliiy ofjMSCs. Inward currenis arc downward. The ihrec hohzontal 
bars from lefi lo righi represent stimuli (manually coniroHcd) of -2^ 
yjn, -1.5 iLtn and -3.5 p.m, with the line thickness representing the 
magnitude of die siimuU. Cell clamped at the resting potential of -71 
mV. capacitance pF. Bath solution: NS; pipette solution; nystatin. 
The MSC was substantially noisier than chc resting currcnl suggesting 
that die cuireni arose from channels. (B) Block of MSCs by hi^ levels 
of Cd^ (100 jiM). TVacc a: current before Gd**; trace b: wiih Gd^*; 
trace c* washout; trace d: displacemeni of ihc stimulation ptpenc (1.7 
|Lm peal^. Cell capacitance 9.1 pF, membrane potential -50 mV. (Q 
Block ofjMSCs by Crcmmasiola spanilata spider venom at a dilution 
of 1:2.0(^. Trace a: control, the MSC in NS; trace b: response in the 
venom solution; trace c; displacement of the stimulation pipecte, 1.7 
|Lm peak! Cell capacitance 3.4 pF« membrane poiendal -45 mV. 

the mechanical stimulus soon after the whole-cell con- 
dition was stable, and then again 10-15 min later. We 
caJctilated the ratio of the absolute difference current to 
the initial current, and averaged these to characterize the 
stabilit}^. Unfortunately, repeated stimulation did cause a 
loss inj responsiveness for reasons unknown and this 
**use d4pendent*' rundown prevented us from using ex- 
tensive lexperimenial protocols. 

The same stimulus displacement produced different 
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Fig. 3. Measurement of the l/V curve of the MSC in normal saline. (A) 
//V curves of ihe total whole-cell currenis. The diembranc potential was 
driven by a ramp voltage, and the currenis wereirecorded before, during 
and after the mechanical stimulus (dotted, solid and dashed lines, re- 
spec dvely). The currents before and after sdmulation were essentially 
identical. Mechanical siimulaiion generated increased inward current at 
negadve potentials and outward current at posi^ve potentials. The total 
currents (average of 3-5 responses) showed strting inward rectification. 
Bath: NS; pipette: amphotericin B. Cell cap^citartce 4.8 pF. resting 
potential -70 mV. {B) W relationship of the MSC (dots) derived by 
subtiBciion of the //V curves obtained in the jircsencc and absence of 
sitmulaiion shown in A. Linear regression of the data gives / = 1.0 
0.06V, indicating a conductance of 60 pS (0!.06 nS) and a reversal 
potcniial of -17 mV. 



currents in different cells. For example, using four dif- 
ferent cells, a displacement of 1.7 \yxti produced a con- 
ductance of 146 A 72 pS/pF. This variability was caused, 
at least in pan, by the uncertainty of judging when the 
stimulation pipette touched the cclL Such variability dis- 
couraged us from attempting quamiiaiive dose-response 
studies of the MSCs. 



Ionic Basis of the MSC 

The reversal potential of the MSC, 4l6 mV, suggested 
that it might be carried by nonselec^ve cation channels 
(Craelius ei al., 1993; Ruknudin et all, 1993), CT chan- 
nels (Hagiwara el al.. 1992; Zhang let al.. 1993). or a 
mixture of channels. To examine these possibilities, wc 
substituted Na^, K^, Ca^, and CP. \ 

If Cr were a major carrier of chc MSC, then by 
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ng. 4. The MSC of » cell is reproducible over time. (A) Currenis 
recorded ac differem limes from ft single cell. Trace a: curreni seen 
when the whol^-cell condition was initially formed; b: current 6*5(r 
after mce a wjis recorded; c: peak displacement 3.3 jxm of the siimu- 
ladon pipette. jThc response paitcra of h was similar lo rhai of a, 
indicaUng that khe MSC was basically unchanged. Bath: NS; pipette: 
nysiaun. Cell Capacitance 9.1 pF, held at -SO mV. (B) Peak MSC 
measured ei different Ume intervals from three different cells. The raw 
data for cell I are shown in A. Bath: NS; pipette: nystatin. 



removing Cr from the baih there should be no signifi- 
cant outward current since there would be no CI' influx. 
However, with CP replaced by isethionate we observed 
distinct outward MSCs, as well as inward MSCs, wi* 
conductances similar to those observed in normal CP. 
The reversiil potential was essentially unchanged at 
-14.0 ± 3.3imV (n = 3). These results suggest that CP 
does not carry the MSC. Since Na* was the only other 
external ion in significant concentration, it must have 
been the charge carrier for the inward current 

MSCs tin HK were usually larger than those ob- 
served in N& (Fig. 5). For example, widi a stimulus dis- 
placement 6f 1.7 \Lm, the conductance was 690 ± 360 
pS/pF (n = 3), compared to 150 ± 70 pS/pF (n = 4) 
observed in] NS. The ranges do not overlap and a / test 
with unequkl variances found the difference significant 
at 5.8%. In one experiment, the conductance of a cell 
was first measured in NS and then in HK, and for a 2.5 
|i,m displac'ement the conductance increased from 280 
pS/pF to 1520 pS/pF. This is a ratio comparable to the 
population imeans above. These data suggest that the 
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Fig. 5. The MSC ill HK bath soluuon. (/*) //Vcurvesjof total currents 
before (dotted line), during (solid line) and a/rej- (dashed line) a me- 
chanical stimulus. The curves before and after the stimulas showed 
strong inward rectificaiion. which was greatly reduced in the curve 
during the stimulation. TTie current was larger with kiimulation indi- 
cating thai additional conductance was activated. (5) The //v curve of 
Um MSC obtained by subtracting the average of the wircnis before and 
after mechanical siimuladon from the one during ihejstimulacion. The 
net MSC was not inwardly rectifying. 



MSC is more permeable to K"^ than Na*.i The reversal 
potential in HK was 0.7 ± 1,9 mV (n = 5), as expected 
from the nearly symmetric solutions. ToW whole-cell 
currenis in the absence of mechanical stimulation 
showed strong inward rectification, while iduring stimu- 
lation, the recufication was reduced becauie of domina- 
tion by the linear MSC. 



MSC IS Observed in Nominally 
Ca^*-FREE SoLtmoNS I 

Removing external Ca^* ions did not signtficantly affect 
MSCs. For example, in Na-isethionate solution with no 
added Ca^*, the evoked MSC was similar to that obtained 
in NS bath solution. Using HK as the jbath solution, 
which was also nominally Ca^"^ free, we observed even 
larger MSCs (Fig. 5). When we excluded ICa** from the 
NS^we still observed MSCs similar to thpse in NS bath 
solution, with a mean conductance of 130 is: 50 pS/pF (« 
= 4) for a displacement of 1.7 fxm. These results sug- 
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Fig. 6. InactSvaiion of ihc MSG. Trace a; recorded currcni (dois) with 
the model-sirnultsced current (smooch trace) superimposed; tfAce b: dis- 
placement, 3l3 Km peak; membrane poienua) -3S mV. 

j 

gcst that extracellular Ca^"*" is not needed to generate 
MSCs. 

INaCTIVation of the MSC 

With constant strain, the MSC rose monotonically to a 
steady state in most experiments. However, out of 84 
cells stimulated under computer control, 15 showed in- 
activation !(Fig. 6), and such inactivacion was observed 
with both iinward and outward MSCs. During inactiva- 
lion, the Current decayed with time while a constant 
stimulus Nvas maintained, reaching a steady-state ampU' 
tude. Whe'n the stimulation was removed, the MSC re- 
covered, usually within 15-20 sec. By examining the 
cells with direct imaging and video analysis, the inacci- 
vation did ;not appear to originate from the cell slipping 
from benekth the stimulation pipette. In contrast to the 
behavior df SACs in Xenopus oocytes (Hamill & Mc- 
Bride, 199*2), inactivation propenies were not suongly 
dependent jupon the membrane potential. 

To summarize the time response of the inactivation 
process, we fit the currents to a three-state linear model 
consisting iof closed (C), open (O) and inactivated (/) 
states: 

! ^32 

with ^ k?i2 exp(ai20, and = k^cxpia^d), 
where d is the time-dependent displacement of the stimu- 
lation pipette (the directly recorded trapezoidal trace, 
^-8-. ^g- etijS are the sensitivity parameters and the 
l(^s are the irates in the absence of stimulation. The rates 
and ^32icould be left independent of stimulation. The 
model was 1 specified by the first order differential equa< 
tions to all6w the use of the trapezoidal driving function. 
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Using the familiar variables m for activation and h for 
inactivation, the current was, 

l^I^^mh^!^ (1) 

where and If, are peak and backjground currents 
respectively, i 

dm 

— = -wi(A:a,+A,^ + Ar,2, (2) 

and 
dh 

Using the program Scientist™, we lit the data from 
ten cells exhibiting large currents and! the results are 
shown in the Table (excluding the results from two cells 
whose values of ^^^^ outliers). | 

To simplify fitting i5:?2 ^ fixed based on 
the results of previous trials. The means and standard 
deviations were calculated from the optimal parameters 
obtained from the different records, ignoring the covari- 
ance obtained from each individual fitting. 

The MSC is Distinct from the 
Hypotgnically-iistduced Current 

Because many papers on hean cells have reported a CP- 
selective 'mechanically-induced current- following hy- 
potonic stress (or inflation of the cell) (Tseng. 1992; 
Hagiwara et al.. 1992; Zhang et al., 19931) and our MSCs 
were cation selective, we compared the! result of hypo- 
tonic stress with that from direct mechanical strain (Fig. 
7). The clearest demonstration of the differences came 
from using a bath solution almost free of ions (containing 
only 2 nriM CaCl2. as Zhang, Hall &. Lieberman. 1994 
hive reponed that Ca^* was needed to observe the hy- 
potonically-induced current). In this distinctly nonphysi- 
ological solution, the ionic strength of thd bath was much 
smaller than that of the intracellular phase and the whole- 
cell current was dominated by efflux. K'^icurrents should 
have had a negative reversal potential, while CP currents 
should have had a positive reversal potential. 

With the low ionic strength bath soliidon, direct me- 
chanical stimulation produced currents with a negative 
reversal potential ranging from -10 to -30 mV (n — 3). 
One example is shown as trace a of Fig.l 7. The current 
was primarily outward, and showed coniplete and rapid 
recovery upon removal of the stimulus. iAi more nega- 
tive voltages there was a tiny inward current, which was 
likely carried by the 2 mM extracellular Ca^*. Clearly, 
the current induced by direct mechanical stimuladon is 
cation-selective. 
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ToWe. PataineUrs of the chrwt-stau MSC inaciivaUon model 
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Fig. 7, The MSC is distinci from the hypotonically-induced current. 
Trace a: the n« MSG in isotonic mannitol soluiion, obtained by sub- 
tracting the average of the currents before and after mechanical siima- 
lotion from the 'current during stimuUiion. The MSC is outward-going 
at positive potentials, indicating a K* efOux. Trace b: the net hypo- 
tonically-inducid current obtained in a similar way, by subtracting the 
current in the isotonic mannitol solution from that in the hypotonic 
mannitol solution. The current iS primarily inward-going, indicating a 
or efflux. 



Hypotonically-induced currenis were generated by 
perfusing ihb bath with the same solution, but with low- 
ered mannitol concentrdtions (hypotonic mannitol solu- 
tion). A nei hypotonically-induced current is shown as 
trace b of Fig. 7. In contrast to the mechanically induced 
currents, hypotonically induced currents were mainly in- 
ward-going jwiih a reversal potential of +45 ± 10 mV (w 
4, corrected for junction potentials and interpolated to 
zero' current when necessary). The hypotonically in- 
duced cond^ictance recovered by 60-80% after reniming 
to the normial osmolarity solution. 

From i^ie composition of the intracellular and exua- 
cellalar soliiions, the only possible carriers for the hy- 
potonically : induced inward current were extracellular 
Ca^* and iniraceDular CI". The concentration of extracel- 
lular Ca^'" was too low to generate such a large current 
and the Nernsl potential of Ca^*, *=125 mV. is far more 
positive ih^ the observed reversal potential. If the cur- 
rent were carried purely by CI", the observed reversaj 
potential of +45 mV would predict an intracellular CP 
concentratidn of 24 mM. This is 11 mM lower than the 
reported value of 35 mM obtained with an extracellular 
Cr concentration of 85 mM (Zhang el al., 1993), but Is 



reasonable given the low CP bath solutioi). Regardless 
of any peculiarities induced by the nonphy^iological so- 
lutions, it is clear from these experiments thai hypototjic 
stress can induce currents of different ionic selectivity 
from those induced by direct mechanical stimulation. 

Why should the results of direct strain and osmoti- 
cally induced strain be so different whch there is no 
reason to expect osmotic swelling not to activate MSCs? 
As opposed to direct mechanical strain in a patch or 
whole-cell recording, osmotic challenge dilutes the in- 
tracellular medium and stresses internal membranous or- 
ganelles. These latter effects may lead ic^ second mes- 
senger activation of CP current. Some reslearchers have 
found that swelling-induced CP currenis are dependent 
upon intracellular Ca^^ (Zhang et al.. 1994) or ATP 
(Oike. Droogmans & Nilius, 1994). Osn^otic swclhng 
probably docs cause some activation of l^lSCs. but the 
net cuaent is cleaily dominated by the anionic CP cur- 
rent. The disparity between the response to osmotic 
strain and direct mechanical strain has beien noted pre- 
viously (Sasaki et aL, 1992; Ackcrman etjal., 1994). 

SiNGi^ SAC Study 

Can SACs account for the MSC? We performed cell- 
attached single-channel snidies using NS in both the baih 
and the pipette. Out of 13 patches providing sufficient 
I/V data, we observed 5 patches containing a 90 pS SAC 
whose currents reversed at -70 ± 5 mV (n 3 cells), 
and 11 patches containing a 21 pS SAC y'hose currents 
reversed at -2 * 4 mV (/i = 6 cells). Typical results are 
shown in Fig. 8- (The number of conduttance and re- 
versal potential measurements cited above are not equal 
since we did not obtain the resting membrane potential of 
all 13 cells.) Several patches exhibited activity of more 
than one channel, sometimes of both typjes. The 90 pS 
channel had a conductance and reversal potential similar 
to the 100 pS K"-selective SAC found in itissue cultured 
chick heart cells (Ruknudin et al.. 1993),; but the 21 pS 
channel seemed quite distinct. This diffejrence in chan- 
nel populations may be due to a number of differences in 
the preparations including the difference? in age of the 
embryos and the environmenl-anached ys. unattached, 
rounded vs, confluent, electrically ijncoupled vs. 
coupled. The activity of both SACs in this preparation 
was completely blocked by 30 jxM Gd^ in ^ 6 for the 
21 pS channel and n =- 4 for the 90 pS channel), and 
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FSg. «. Singlcchanncl dau and the JA' regression curves of ihe two 
observed iypes of SACs. Diffcrcnc symbols represent data from diffcr- 
cm patches. In one patch (circle), both types of SaCs weie present. 
Regressidn a gives b conductance y = 2\ ± 0.9 pS and a ftversa^ 
porential k = -2.2 = 3.7 mV = 6 cells) regression pvcs 7 = J» 
^4,7 pS '^d V, = -70 * 5 mV (« 3 cells). Bath and pipeite: NS. 
;«.er; Veprescniadve currenis of the 21 pS (A) and 90 pS (5) channels 
recorded jwiih membrane potentials of -103 mV and -20 mV respec 
lively. 

l-lOOOidiluiion of Grammastola spatulata spider venom 
(li = i for both the 21 pS channel and the 90 pS chan- 
nel). Since the reversal potential of the MSG fell be- 
tween the reversal potentials of the two SACs. it appears 
that both are simultaneously activated in the whole^ell 
snidiesi The frequency of occurrence of the 21 pS chan- 
ne) wai about three times that of the 90 pS channel. 

The observation of MSCs and single SAC activity 
were highly correlated. In 7 out of 35 of the cell prepa- 
rations: we did not observe MSCs in any of the cells. 
Using three such preparations, we made 11 cell-attached 
patches and found no SAC activity. In contrast, using 
four preparations exhibiting MSCs,, 16 out of 20 patches 
showed SAC activity. These results suppon the idea that 
MSCs i are produced by SaCs, 



Discussion 

PHYsi6L0Cic/a Correlation of MS Currents 

If SACs are active in these cells, they should be able to 
alter the action potentials. About of quiescent cells 
could ibe mechanically stimulated to beat m NS bath 
solution at room temperature (21 out of 67 cells). How- 
ever iin the presence of Gd^ we observed no stimulated 
bcatin'g (0 out of 13), although there were spontaneously 
beating cells in the dishes. Consistent with ihese results, 
stretch has been shown to induce beating in the quiescent 
early embryonic chick hean in vivo (Rajala et al., 1977). 
j^cause the traditional method of stimulating SACs 
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fis. 9 Cell beating rate increased wiih sucribn in «hc loose-seal re- 
cording pipet« (manual control of suction). (4) action current record- 
ing. <« typical response of beating rate verS« Sticdon (different cell 
from panel A). 

in tight-seal patch experiments is vialpipette suction, v/c 
tested its effect on cell beating. To minimize changes in 
the cell structure associated with patching, wc made 
loose seals (20-40 mH) rather than tight seals. Applying 
suction to the recording pipette reversibly increased the 
cell bearing rate (Fig, 9). though the sensitivity vaned 
from cell to ceU. We observed no significant differences 
when we used cither NS or HK witH or without Ca in 
the pipene. These results suggest thait it was not the spe- 
cific ions but the currents injected into the cell that al- 
tered the cell beating rate. 

Small Currents are Required tO iAlter 
Beating Rates 

To estimate how much current was needed to signifi- 
candy alter the beating rate of a celljusing a loose patch, 
we applied voltage to the pipette in yoltagc-clamp mode. 
The cell beating rate reversibly increased with positive 
pipette voltages. An increase of 5 mV elevated the beat- 
ing rate by 15-50%. Assuming ihatithe resistance of the 
membrane inside the pipette was -10 (the whole-ceil 
resistance was -I GH), tiie injected current was <(5 
mV)/(10 CCl) = 0.5 pA. Thus, ajcurrent of -0.5 pA 
(equivalent to -0.1 pA/pF) can significantly alter the cell 
beating rate. Given that the pacemaker potential has a 
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slope of 410 mV/sec, the nei current necessary to pro- 
duce this slope in a 5 pF cell is / 5 pF • 10 mV/scc = 
0.05 pA. Thus, 0.5 pA is far in excess of that minimal 
required dunrent. 

To see what 0.5 pA means in term's of SAC activity, 
consider the following calculation. The cell has a resting 
potential of -70 mV, close to the reversal potential of the 
90 pS channel, so that when these channels open they 
will carry j little current. For the 21 pS channel with a 
reversal potential of -0 mV, if we assume that the area of 
the patch is -20 p-m^ (Sokabe» Sachs & Jing. 1991), die 
channel density is -0.3/|xm^ (Ruknudin et al., 1993), and 
let P„ be \kc probability of being open. Suction produces 
a current of 

^Ms = 20<^JLm^) X 0.3(/|xm^) x 21 (p5) 

X 0.07 (V) X « 8.8 {pA\ (4) 

Thus, 0.5 ipA requires a change of P„ of only -6%. a 
value readily consistent with SAC propenies (Sachs, 
1992). 

I 

Comparing MSC and VoLTAOE-sENsmvE Currents 

The peak MSCs we observed ranged from 60-^00 pS/pF, 
with no attempt to saturate the system. To judge the 
significance of these currents relative to more familiar 
voltage-sensitive currents, we used standard step and 
ramp protocols. The peak Na"^ and Ca^"*" currents were 
-500 pA/pF and 15 pA/pF respectively, and the corre- 
sponding conductances were estimated as -4,000 pS/pF 
and 150 pS/pF. The inward rectifying current was 
-50 pA/pF at -120 mV membrane potential, indicating a 
conductance of -1,500 pS/pF. These currents are com- 
parable to ;values reponed by others in chick heart cells 
(Horrcs, Aiton & Lieberman, 1979; Clapham & Logo- 
iheiis, 198;8; Josephson & Sperelakis. 1992). Thus, the 
MSC conductance is smaller than the peak Na"' conduc- 
tance but larger than the Ca^* conductance, and compa- 
rable to the inward rectifying K"*" (IRK) conductance, 
although it is much larger than IRK within the physi- 
ological potential range. The magnitude and reversal po- 
tential of the observed MSC current seem adequate to 
explain many of the observed effects of stretch on action 
potential properties in a variety of cardiac preparations 
(Sachs, 1994). 

Although MSCs are somewhat labile, apparently 
varying wijth the preparation technique, they do not ap- 
pear to be a selective propeny of damaged cells. Prepa- 
rations tha^ had MSCs had normal voltage-sensitive cur- 
rents, however all preparations, including those without 
MSCs, exhibited voltage sensitive currents suggesting 
that they ar,e more robust. This labile nature of mechani- 
cal responses has been seen before. In isolated heart 
cells, stretching was found to change the resting mem- 
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brane potential in some preparations but not in others 
(Lab. 1980; White et al., 1993). It is knov^^n that SAC 
responses are dependent upon stimulation history, prob- 
ably as a result of alterations in the cytoskeleton (Hamill 
& McBride, Jr. 1992). 

The MSC is Not a Leakage Current \ 

The current produced by mechanical deifonnation is not 
a leakage current, but Is caused by speciHc ion channels. 
Fig. IB and C illustrate that treatment with two very 
different reagents removes the MSCs. Also, some of our 
preparations had no MSCs while exhibiting normal volt- 
age-gated currents. This conclusion is ini agreement with 
the results of Sigurdson et al. (1992) thjat the mechani- 
cally-induced Ca^'^ influx in heart cells iwas blocked by 
Gd^* and the results of Morris and Ho^n (1991) that a 
variety of mechanical strains caused n6 change in the 
current of molluscan neurons. 

InaCTIVaTION of MECHANOSENSITIVE CUjRRENTS 

Although we used a state model to describe the inacti- 
vation of the MSC. the actual origin of i inactivaiion re- 
mains to be determined. It may resuld from different 
states of the channels (as we modeled it), relaxation of 
the cytoskeleton that alters the actual force applied to the 
channel (Pender McCuUoch, 1991;iSokabe et al., 
1992), or inactivation of other conductances by second 
messengers (Well ner & Isenberg. 1995). Adaptation 
caused by a long lasting increase in Cd^VK*' conduc- 
tance, as that observed by Wellner & Isepberg (1995), is 
unlikely since there was no outward current upon release 
of the stimulus. 

Inactivation has been previously observed in single 
MS channels (Gusiin et al., 1988; Siockbndge & French. 
1988; Hamill & McBride, Jr. 1992; Bowman A Lohr. 
1994; Chen, Guber & Plant. 1994). In Xenopus oocytes, 
inactivation was labile, only observed at! negative mem- 
brane potentials (Hamill & McBride, Jr. 1992) and only 
when the gigaseal was formed using gentle suction. A 
different dynamic behavior, delayed activation, was ob- 
served in Lymnaea selective SACs (Small 3c Morris, 
1994). A delay of 1- to 4-sec was observed between the 
onset of the channel activity and the application of pres- 
sure jumps. Such delays were eliminated by cytochala- 
sin D. or repeated mechanical stimuli i suggesting in- 
volvement of the cytoskeleton. At present, we do not 
know why some cells inactivate and others do not, but 
macroscopic experiments have shown velocity sensitive 
effects on arrhythmia generation (Franz et al., 1992) but 
not on stretch induced potentials changes of the working 
myocardium (Stacy, Jr. et al., 1992). This result has 
been postulated to arise from a subpopulation of special*- 
ized cells. 
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Contribution of Both S AGs to the MSCs 

If the KlSC reported here was due to the activity of the 
two types of SACs observed in these cells, then it is 
possible to estimate the ratio of the probabilities of the 
channels being open. Since we found no consistent 
variatloti of the reversal potential with the amount of 
strain, il would appear thai the channels are acted upon 
by proportional forces and the probabilities of being 
open arje also in proportion. From the definition of the 
reversal potential of the MSG, the following equation 
holds, 

where, £^ is the reversal potential of the MSG, £90 ^nd 
khe reversal potentials of the 90 pS and the 21 pS 
SAG relspectivcly, gj arc the conductance of the SACs, 
AT, the numbers of channels, and P^j the probabilities of 
the SACs being open. Using the observed A/2,/A^9o = 3 
as the c^currence ratio of the 21 pS channel over the 90 
pS channel, we can get 



(PJ<>0 



«5.6 



(6) 



This suggests that the 21 pS channel is open 5.6 
times niore often than the 90 pS channel. This is some- 
what higher than the rough estimates of 1:1 we made 
from cell-attached patches, but more detailed studies are 
required to see whether this ratio is preserved in the 
patch. Given the large deformations involved in forming 
a patch (Milton & Caldwell, 1990) and the sensitivity of 
the kinetics to cytoskeletal alteration (Morris Sc Horn, 
1991: Hamill & McBride. Jr. 1992; Small & Morris, 
1994), such a ratio need not be preserved. 

Estimating the Cortical Tension Generated by the 
MBCHAJfiCAL Stimulation 

The str^ses produced by the stimulation are difficult to 
calculate in detail since both the constitutive properties 
of the structural elements and the detailed geometry of 
the strain are not known. However, if we use the com- 
mon * 'liquid drop" model in which the cell is modeled 
as an elastic membrane covering a liquid core, we can 
make some estimates. Assuming that compression by 
the stimulation pipette transformed the spherical cell into 
an oblate of equivalent volume. The relative increase in 
area (A)ifor such a process is 



M 1 1 -h/? 



(7) 



where /Ti 



b/r, and r is the radius of the 



sphere and b is the semi minor-axis of the ellipsoid. The 
estimated area changes were <5%. ; Measurements of 
patch elasticity give values for the area elastic constant 
of the cell conex in the range of 20-60 dyne/cm (Sokabe 
ci al.. 1991; Sigurdson & Sachs, 1994). These are prob- 
ably upper limits since patches are normally under rest- 
ing tension due to adhesion of the membrane to the walls 
of the pipette (Sokabe et al., 1991). For a change in area 
of 5%, these values would give a conical mean tension of 
<l-3 dyne/cm. As shown by Sokabb et al. (1991), in 
patches the elasticity arises from stress in the cytoskel- 
eton, not from the bilayer. 

The above calculation assumes uniform deformation 
of an elastic membrane surrounding a liquid core. With 
an elastic core bound to the membrane, the stresses are 
bound to be different, but are difficult to estimate and it 
is unclear whether the true stresses are lower because of 
the sharing of elastic energy between the core and the 
conex. or higher because of shear stresses near the stimu- 
lating pipette. The significance of locpl stresses was em- 
phasized by Sigurdson et al. (1992) who showed that the 
Ca^* influx arising from local mechanical stimulation 
occurs at the site of stimulation. To minimize the local 
strain, we used the side of the stimulation pipette rather 
than the tip to press against the cell. : 

Our results stand in shatp contrast to the negative 
results of Morris and Horn (1991) obtained on Lymnaea 
neurons, in which the inability evokej significant MSCs 
were presented as evidence for the attifactual nature of 
single-channel MS activity and for fWe physiological ir- 
relevance of SACs. Although it remains unclear under 
what conditions it is difficult to evoke jMSCs. Morris and 
Horn's conclusion is clearly not genei*al. MSCs evoked 
by direct mechanical stimulation have been recorded in 
several other preparations including vascular smooth 
muscle (Davis. Donovitz & Hood, 1992), guinea pig 
hean (Sasaki et al.. 1992) and bladdier smooth muscle 
(Wellner & Isenberg, 1994). Cloning lof a SAC from B. 
CoU (Sukharev et al., 1994) should l>e convincing evi- 
dence for the non anifaciual nature of SACs. 

From this work paper, SACs would appear to be 
capable of physiologically significant activity in the 
hean. While the norma] physiological function of the 
MSC is as yet unproved, we can speculate that it serves 
to adjust the pacemaker potential according to the degree 
of filling of the atria (accounting for the old observation 
by Bainbridge, 1915). In ventricular cells it may serve to 
improve the uniformity of contraction. Weaker cells. 
$jtretched during systole, could be encouraged to contract 
more strongly on subsequent beats by increasing Ca^'*' 
entry through direct fluxes and Na*/Ca^* exchange. 

We thank Dns. w. Sigurdson. C. Bowman. A.lAueitach and G.CX. 
Beu for advice and criticism, and Ms. M. Teeling and R. Borschel for 
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Nuie: Some: results have been published in absiract form (Hu & Sachs, 
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I. Introduction 

1 

The synthesis of amiloride and amiloride analogs 
was first described by Cragoe et at. in 1967 [21]. 
Amiloride iwas initially demonstrated to inhibit the 
Na"*" chanrlel present in urinary epithelia. Amiloride 
and its analogs were subsequently shown to inhibit 
other ion c|ransport processes as well [3]. As more 
ion transpj:)rt systems are studied, it becomes in- 
creasingly; clear that amiloride analogs are '*spe- 
cific" inhii^itors of relatively few ion transporters. 
They inhibit a large number of membrane transport 
processes j and enzymes. They have also been 
shown to interact with specific drug and hormone 
receptors land to inhibit cellular metabolism and 
DNA, RNW, and protein synthesis. This review ad- 
dresses the structure-activity relationships of amil- 
oride and jits analogs on the large number of ion 
transporters and other cellular processes that are 
inhibited by amiloride, and examines the use of 
these drugs as probes for the characterization of 
transport proteins. 



II. Pharmacology of Inhibition of Ion 
Transporters, Enz3nnes, and Receptors by 
Amiloridej and Amiloride Analogs 

The structLre of amiloride is shown in Fig. 1. Amil- 
oride is pyrazinoylguanidine bearing amino groups 
on the 3- and 5-positions and a chloro group on the 

i 
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6-position of the pyrazine ring. Approximately one 
thousand analogs have been synthesized [19], and 
representative members have been! examined for 
their inhibitory activity on the Na^lchannel, NaV 
H'*' exchanger, and the Na'*^/Ca2'^ exchanger. Amil- 
oride analogs that have been thoroughly studied due 
listed in Tables l-7» along with their bffects on inhi- 
bition of Na"*" transport in these systems. This sec- 
tion reviews the structure-activity relationships for 
amiloride and its analogs on ion transport systems, 
enzymes, drug and hormone recieptorS} DNA, 
RNA, and protein synthesis, and cellular metabo- 
lism. 

A. Epithelial Na* Channel 

High resistance (or ^'tight'*) epitheli^ that transport 
Na"*" have been found to possess j Na'*' channels 
which are functionally restricted \ to the apical 
plasma membrane. Na* crosses the apical mem- 
brane by passive diffusion through this channel, and 
is actively extruded from the cell jby a Na'^^/K'*^- 
ATPase present on the basolateral plasma mem- 
brane. The diuretic amiloride, at si concentration 
less than 10*^ m, inhibits Na*^ transport when added 
to the solution bathing the apical plasma membrane. 
The inhibition is rapidly reversed byjremoving amil- 
oride from the apical solution. Addition of a low 
concentration of amiloride to the sjolution bathing 
the basolateral plasma membrane has no effect on 
Na* transpon (8, 72]. Subsequent dbservations of 
single-channel recording using thje patch-clamp 
technique have shown that amilorijde reduces the 
mean open time of the Na* channel, but has no 
effect on single-channel conductance [36, 63]. 

A large number of amiloride analogs have been 
synthesized, and the effect of many of these analogs 
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Fig. 1« Ground state structure of amiloride in 
the unprotonated and proionated form 



Table 1 



NHz 



NH^^ N NH, 



No. 



IC30 (mm) for amiloride and potency relative to similoride 



Na* channel* 



Na*/H* anciporter** 



Na-/Ca*' exchanger'^ 



CI— 

(Amiioride) 

f- 

F— 
Br— 

! 



(0.34) 1 
(0.3S)* I- 

0.006 

0.085 

I 

0.14 



(83.8) I 

0.08 
0.12 
1.9 
4.6 



(1100) I 
I 

0.1 

i 

1 



Evaluated by the method of <a) Cuthben ct al., Br. J, Pharmacol. 261:2839 (1978), or •Veirey et al., 7. 
CeUBioL 1(^:1231 (1987). (b) Stmchowitz et al., MoL Pharmacol, 30:112 (1986). (c) Kaczorowski et 
al., Biocherj^htry, 24:1394 (1985). 



on Na*^ transport across tight epithelia has been 
studied. The most thorough studies have involved 
use of frog skin or toad urinary bladder as model 
**tight" epithelia, monitoring iransepithelial Na*^ 
transport! electrically as short-circuit current (/ac) 
with tissue mounted in an Ussing chamber. The 
concentration of an amiloride analog required to 
achieve 5p% inhibition of Ac (the ICjo) was used as a 
measure of its apparent affinity for the Na**" channel. 
This measurement is dependent on a number of 
variables | including: 

a. Extracellular Na'*' Concentration. Lowering the 
Na*^ concentration of the solution bathing the apical 
membranle of light epithelia results in a decrease in 
Na"^ iran'sport. In addition, as the Na'^ concentra- 
tion is lowered, the IC50 for inhibition of Na"*^ trans- 
port by s^iloride decreases [27]. 

i 

Extracellular pH, Amiloride is a weak base (pK^ 
= 8.7 in 30% ethanol, 8.8 in H2O) (see Table 8) and 
interacts ionly in its protonated form with the Na'*' 
channel to inhibit [7, 23]. As the pH of a solution 



increases, the fraction of amiloride in the proton- 
ated form will decrease. 

c. Intracellular Accumulation ofA/Tfitoride. The un- 
protonated form of amiloride and many of its ana- 
logs are quite lipid soluble. They may bind to and 
easily cross cell membranes, accumulate within 
cells, and alter a number of cellulak* processes {see 
below). 

d. Apical Plasma Membrane Potential. The extent 
of inhibition of the channel by amiiloride has been 
shown to be dependent on the apidral plasma mem- 
brane potential. It is the charged form of amiloride 
that interacts with the channel in a manner sensitive 
to the membrane potential [36, 64];. 

7. Structure* Activity Relationships* for Amiloride 
and Its Analogs with the Na* Channel 

The effects of modification of the structure of amil- 
oride on the inhibition of the Na*** channel are sum- 



I 
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Table 2. 



No. R" 



ICm, (^m) for amiloride and poicncy relative lo amiloridc 
NaVH* aniiportcr 



Na- 
channel' 



Na-/Ca»- 
exchanger' 



1 

I H3N— <amiloridc) 



13 



17 



18 



H-^ ! 
CHiNH— 



8 CH,(CH2):NH— 

, [>-NH- 

10 ch,=|:hch2Nh— 

11 (CH,hi:NH— 

12 CH,(CH2)sNH— 



I 



15 (CHj)2N(CH,)2NH— 

16 M,NC<lrC(CH,hCH2NH— 



H,N-iC«=N— 
F 

19 ^^-j-CHjNH— 

21 CH3-^-CH,NH- 

i 

22 Cl-@-CH,NH- 

i CH, 

23 CH,-jQ-CH,NH- 



I 



'CHj 



24 ^jfNH— 

25 (CHjAN— 



26 



27 



1 N— 
C,H,f 

I 

(CHjJCH 



(0.^4) 1 


(83.8) 


(0.33) 1 


<0.035* 


0.5 


0.0003 


7.A 


0.0004 




0.002 


6.3 


0.0001 


7.4 


<0.035» 


26 




26 




5.1 


<0.035- 


13 




0.6 




4.1 




3.6 



<0.035* 



<0.0035* 



9 
10 



3.3 
22 

<0.035* 12 
0.0005 133 



2.3 



1.5 
2 



0.7 



6.6 3.5 



1.4 



9.6 0.35 1.6 



23 
35 



20 67 
20 24 



0.0005 349 35 50 13 



1.5 



11 
54 

<0.5 



45 

50 
55 
55 

115 

50 



Table 2 cf>ntinurd next page 
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Table 2. (continued) 

j 

I 



CI i-N-C-NH: 



No. R* 



IC^ (^M) for amiloride and poicncy rclauve lo amiloride 



28 



29 



30 



31 



CH 



(CH,), 



(CH,)iCHCHr 

I N- 
(CIf,)2CH 

CHj 



32 



33 



34 



35 



CH^C(CH3)CH2 

i N— 




CHj(CHa)2^ 

i 



CHj<CH,)y 



N— 



36 



37 



38 



39 



40 



CH: 
CjHj^ 



ICH,^ 



CHjO 



1 

HjsN— C=N— C— CH 



CH, 



Na- 

channel* 



Na-ZH- aniiponcf 



<0.03S* 



<0.035* 



<0.035' 



123 



349 



190 



223 



102 



524 



226 



29 



6t 



125 



13 



14 



140 



N- 



<0,035* 



8.7 



62 



0.4 



3.5 



Na-/Ca-' 
exchanger' 



13 



8.5 



8.5 



11 



55 



75 



75 



60 



0.7 



Evsluaied by the method of (a) Cuthbcrt et al. ^/pA ^'"^1/ loM ^ 

PharmacoL 25rl3l (1985). (d) L-Allemain ct aL. J. ^'f' /^^'?";J^!:.^^^^ 
BiocheMisiry 23:4481 (1984). (f) Kaczorowsk. ct al.. Biochemutry, 24.1394 (1985). 
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No- 



I 

41 
42 

43 
44 

45 

46 

47 



CI— 

H— 



ICjo (mm) for amiloride and potency relative to amiloride 
Na* channel* NaVH* aniiporier^ Na*/Ca-* exchanger* 



H— 
Br— 

Br— 

I— 

I— 



HzN— (amiloride) 
H— 



(CHjbCNH- 
H— 

O- 

(CHjhN— 
(CH,)2CH" 



(0.34) I 
(0.35)* r 

<0.035* 



0.4 



(83.8) 
0.08 

21.2 

1.7 
I 

566 
68 

313 



(1100) 
0.06 



0.15 



1.2 



the method of (a) Cuthbcrt ct al., Br, J, Pharmacol. 261:2839 (1978), or •Vcrrey et al.. 7. 
1231 (1987). (b) Simchowii2 et al., A^oL PhormacoL 30:112 (1986). (c) Kaciorowski ei 



Evaluated by 

Celt BioL 104; , _ 

al.. Biochemistry, 24:1394 (1985), 



marized. These are grouped according to ihc struc- 
tural changes at various sites in the molecule {see 
Tables 1-7|). 



fl. 2-Carbonylguariidino Substituents. Substitution 
of hydrophobic groups on the terminal nitrogen 
atom of the guanidioo moiety has produced a num> 
ber of analbgs with markedly enhanced IC50 values 
[26]. Seveiral of these analogs appear to have the 
highest affihity and specificity for the Na*^ channel. 
These incliide the benzyl (No. 54, benzamil) and 
substituted! benzyl analogs (Nos. 55-66), phenyl 
(No. 76, pliienamil), phenethyl (No. 71) and substi- 
tuted phenyl (No. 77) and phenethyl (No. 72) ana- 
logs « as vb^ell as straight and branched chain alkyl 
groups (Nos. 48 and 49). This increase in the po- 
tency has been shown to be due to changes in both 
the on- and off- rate constants of these amiloride 
analogs [56J, 

The intt^oduction of two hydrophobic groups on 
a single te^inal guanidino nitrogen atom has not 
been studiejd extensively. Two alkyl substituents on 
a single terminal guanidino nitrogen atom (Nos. 78 
and 79) increases activity. However, a methyl and a 
benzyl groJip (No. 80) located in this position de- 
creases activity by an order of magnitude. 



The carbonylguanidino moiety of amiloride is 
required for inhibition of the Na"^ chslnncl. Replace- 
ment of the imidocarbonyl group of the guanidino 
moiety with C=S (No. 84) or deletiojn of the guani- 
dino moiety and replacement with l|lO — (No. 85) 
results in a loss of activity. The insertion of a NH 
group between the carbonyl group land guanidino 
moiety of amiloride (No. 83) results in a 40% de- 
crease in actKvity\ 

b. S-Position Substituents. An ur^ubstituted 5- 
amino group is required for optima] ii|ihibition of the 
Na* channel. Amiloride analogs bearing one or two 
substituents on the 5-amino nitrogen atom exhibit 
substantial loss in activity. This is tnie whether one 
or both substituents are alkyl (Nos. 11, 25-27, 
31), substituted alkyl (Nos. 14, 40), cycloalkyl 
(Nos. 9, 33), or aralkyl (Nos. 18, 21;, 37). Analogs 
where the amino group has been replaced with H — 
(No. 6), alkoxy (i.e., CH5O— , C2HJO— ), HS— , 
CH3S — , HO — , or CI— have a substantial loss of 
activity, as measured by saliuretic and antika- 
liuretic activity in whole animal studies [19, 20]. 

c. 6'Position Substituents. Optimal activity is ob- 
served when the 6-posilion is occupied by a chloro 



I 
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Table 4. 



No. — 1 



I — 



48 
49 
50 
51 
52 
53 
54 

55 
56 
57 
58 

59 

60 
61 
62 

63 
64 

65 
66 
67 



T.ft. Kleyman end E-J. Cragoc, Jr.! Amiloridt and lis Analogs 



CI 



IC50 (mm) for amiloride and poiency relative to atniloride 
Na* channel' Na'/H* aniiporicr^ NaVCa'-. exchanger* 



(amiloride) 



— pCH,)iCH2C(CH,)3 

— i:cH,)MCH, 

— bHiCHiOH 

— jCHiCF, 

— i(CH2)5COOH 

-|cHj)3COOC,H, 



CI 



-€Ht 



! CL 



-CI 



4h-^ 

' A' 

JcH:-0 
I CI 

I CHj 
JcH,-^-CH, 
• I CF, 
-icHrH0 

-|CH,-Q 
4CH,-Q 

i o 



(0.34) 1 
(0.35)* I 

13 

2- 

3 
I 

0.6* 
2* 

9 
10 

13 

9 

2.5 



47* 



13 



10 

7* 
18* 



(83.8) 1 
<0.08 



<0.08 



(I too) 1 

7.9 
9 

<0.5 
I 

0.5 
<4 

11 
II 

55 

15 

92 

37 
75 



16 



MO 



42 



8.5 



28 
115 
31 
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I 

Tabic 4. (continued) 

! 

i 



o 



A X 



i!:— N«*C— NH— R 



No. 



IC^ii (mM) for amiloride and potency relative to amiloride 
Na~ channel" Na'/H" antiponer^ Na"/Ca-" exchanger*^ 



68 

69 
70 
71 
72 

73 
74 

75 

76 
77 




-J: 

CHiTCHj 



IP 



17 



23 



CH, 



<0.008 



<0.008 



9A 



94 



12 
I 

16 



5.5 



7.3 



Evaluated by the method of (a) Cuthben et al., ^r. /. Pharmacol. 2^1:2839 (1978), or *Verrcy ci al., y. 
Celt Biol, 104:^31 (1987). (b) Simchowitz et al.. MoL Pharmacol. 30:112 (1986). (c) Kaczorowski et 



al.. Biochemistry, 24:1394 (1985), 



(No. I), aniiloride) or bromo (No. 4) group. The 6- 
iodo (No. iS), 6-fluoro (No. 3), and the 6-H com- 
pounds (Np. 2) are 7-, 12-. and 170-fold less potent 
than amiloride, respectively. The decrease in the 
ICso is duejto an increase in the off-rate constant 
[55]. AnaJojgs with replacement of the halogen by 
CH3O — CI6H5S — , and CN — have significant loss 
of activity,! as measured in whole animal studies 
(19, 20]. 1 
i 

d. Replacement of the Pyrazine Nucleus, Replace- 
ment of the, pyrazine ring with a hydrophobic moi- 
ety results in a loss of activity (Nos. 89 and 9t). 



€, 3-Posmon Substiiuents. The eflfeit of substitu- 
tions at this site on inhibition of th^ Na^ channel 
have received limited study. Replacebient of the 3- 
amino group with H — results in substantial loss of 
activity [19, 20]. | 

2, Specificity of Amiloride and Its Analogs for the 
Na'^ Channel \ 

The Na"*^ channel is the only ion trarisporter inhib- 
ited by amiloride with an IC50 of less jthan 1 /xm. In 
the presence of a physiologic Na* concentration, 
the ICso for inhibition of Na**" transport is in the 
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Table 5. 



No. 



-Rl 



IC50 (/^M) for amilonde and potency relative 10 amiloridc 
Na- channel' Na'/H* anuporicr*» Na-/Ca»- exchanger* 



78 
79 

80 
81 

82 
83 

84 

85 



— N=»C— NHi (amiloridc) 

! I 

I NH, 

i 1 

NH| 

— Nj=C— N[(CHi),CHj)2 



(0.34) 1 
(0.35)* !• 

3 



(83.8) I 



NfHz 



CHj 



^N=C-N-CH,-Q 



I 



-li^C— N=^C— N(CH,)2 

I I I 

! NH, NHCH5 

c:hj 

^li^^^ HCH2— o 
I 

NHCH, 
— NHN«C— NH, 



NH2 
— NH— C— NHj 

I II 



0.1 



0.12 



(MOO) I 
<0.5 

3.3 

7.3 
<0.08l 



I 



—OH 



0.6 

0.001 
<0.035 



<0.08 



<0.08 



2.2 



<0.08 



<0.08 



Evaluated by the method of (a) Cuthbeit el al.. Br, 7. PharmacoL 261:2839 (1978). or •Verrey ct at J. 

iwll^^^ (b) Simchowitz ct al.. ^4ol Pharmacol. 30=112 (1986). (c) ICaczorowski et 
al.. Biochemistry, 24:1394 (1985). 



range ofjo.l to 0.5 /am. The IC50 obtained from stud- 
ies of differenl transport processes are difficult 10 
compare, since the interaction of amiloride with the 
various i^Ja"^ transporters may be effected by a num- 
ber of Ivariables including extracellular pH and 
[Na*], aiid the apical transmembrane potential. The 
IC30 foriNa-^/H^ exchange is as low as 3 mm when 
measured in the presence of a low external [Na*] 
[50] but! as high as 1 mM in the presence of a high 
[Na*^!. Amiloride is a weak inhibitor of the Na*/ 
Ca^"^ exbhangcr, with an ICjc of 1 mM. 

Thcj most specific inhibitors of the epithelial 



Na^ channel are amiloride analogs bearing hydro- 
phobic substiiuents on the terminal nitrogen atom of 
the guanidino moiety. The benzyl and phenyl ana- 
logs have been most extensively spudicd. These an- 
alogs inhibit with IC50 of approximately 10 nM. 
This is more than three orders of magnitude lower 
than that reported for inhibition of Na^/H* and 
Na-^/Ca^* exchangers, Na^/K-^-ATPase, and Na*- 
glucose and Na^-alanine cotraniporters {see be- 
low). The effect of these analogs on protein kinases 
has not been reported- 

Several amiloride analogs havje proved useful m 



j 

i 
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Table 6. 



i- 



No. 



— R 



ICso (mm) for amiloride and pocency relative lo amilorid^ 
' ~ — ■ - j 

Na* channel* Na'/H* ani!poner>» NaVCa*'" exchanges' 



I HiN— (amiloride) 
CHj(CHrfK 



86 



CH3(CH2 



(0.34) I 

(0.35)* f (83.8) I 



<0.035" 



(1100) 1 
300 

liO 



Evaluated by the method of (a) Cuthben ei al.. Br. J. PharmacoL 261:2839 (1978), or -Verrey ct al.. 7. CeUB^ol 
104:1231 (1987)1. (b) Simchowiiz et al.. MoL Pkarmacal. 30:112 (1986). (c) Kaczorowskl ct Biochemistry, 24:139|4 
(1985). j j 



P. i 1^23 



Table 7. 



No. 



R 



NHs 



1C» (mm) for amiloride and potency relative lo amiloride 
Na* channel* NaVH* antiporier'* Na*/Ca»* exchanger* 



(amiloride) 
H2N hi NH2 



(0.34) 1 
(0.35)* r 



(83.8) 1 



(MOO) t 



88 



89 



90 



91 



n'^^4-CH=CH— 



c4o- 

CI— CH=C— 

I Ah, 



<0-035* 



<0.035' 



1.2 



11 



23 



<0.I 



11 



<0.l 



11 



Evaluated by il}e method of (a) Cuihbert et al.. Br. J, Pharmacol. 261:2839 (1978), or •Veirey et al.. J. 
CeUBloL 104:l|231 (1987). (b) Simchowiiz et al.. MoL PharmacoL 30:112 (1986). (c) ICaczorowski el 
al., Biochcmist'ry, 24:1394 (1985). 
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Table 8. pJc^ and lipophilicity daia 



Compound! 
number | 



Lipophiliciiy*^ 



Conrtpound 
number 



pK, 



Lipophiticity** 



i 

! 

1 i 


8.7 


5« 


49 




99.4 


1 


9.2 


1 


50 


8.5 


2' 


3 j 


8.9 


7 


54 


8.1 


56 


^ 1 
4 1 


8.6 


8« 


56 


7.4 


98 


< 1 


8.8 


10 


59 


7.63 


>99.8 


^ i 


7 0 


2« 


62 


7.45 


99 


10 


8.8 


4* 


70 


4.4 


47 


14 


8.9 


0.4 


71 


ft 7 


90 


15 


7.8 


0.7 


75 


7,4 


99 




9.2 










21 


9.0 


93 


76 


7.8 


98.7 


25 


8.8 


6 


77 


7.5 


99.5 


30 


8.1 


94 


78 


7.6 


78 


33 


8.5 


93 


81 


10.5 


4 


37 


3.68 


99.5 


83 


9.0 






8.30 










40 


6.4 


6 










9.2 











• Determined as ihc half neutralizaUon point in water coniaining 30% eihanol. 

b Percent distributed in octanol or (c) chloroform when equilibrated between equal volumes of the 

solvent and pH 7.4 aqueous phosphate buffer (0.1 m). 



biochemical characterization of the Na"*^ channel. 
Triliaiedj benzamil, phenamil, and 6-bromomethyl- 
amiloride (where the methyl group is located on the 
amide niirogen atom) have been used to study bind- 
ing of amiloride analogs to channel containing mem- 
branes [2, 25, 46, 71]. The binding of radiolabeled 
amiloride analogs has recently been used to follow 
the chanhel during solubilization and purification (2, 
5]. Photoactive analogs of benzamil (6-bromoben- 
zamil an'|d the benzamil derivative No. 65) and 6- 
bromom^thylamiloride have been used to identify 
components of the Na'" channel [6, 44, 46) (see sec- 
lion III.C). A spin-labeled analog (No. 75) has re- 
cently been used as a probe for the Na* channel 
[18]. ; 

Finally* it has been observed that it is difficult 
to reverse the Inhibition of Na* transport due to 
phenamii by removing phcnamil from the solution 
bathing tjie apical plasma membrane of frog skin or 
toad urinlary bladder [34]. This may be due to hydro- 
phobic interactions of the drug with the channel. 
Studies With pH]phenamil show clearly that the 
drug is niot binding covalently to the channel (21. 



B. Na^/H* Antiporter 

A plasma membrane transporter! that exchanges 
Na"*^ for H"^ in an elecironeutral fashion has been 
described in cells and plasma membranes derived 
from a variety of species [74]. This exchanger ap- 
pears to be involved in regulatioti of intracellular 
pH and may provide a major pathway for Na* entry 
into specific cells. Amiloride inhibition of the Na**^/ 
H"" exchanger was first described in 1976 [40], and 
has been used subsequently as an ijnhibitor not only 
of Na'^/H* exchange, but of subsequent events that 
might be altered through regulation of this trans- 
porter. The effects of a large number of amiloride 
analogs on Nzl^/H* exchange haveibeen studied in a 
number of different cell types including Chinese 
hamster lung fibroblasts [50], htiman fibroblasts 
[62], the epidermoid cell line A431 [86], chick skele- 
tal muscle cells [82], human neutrophils [75], and 
the pig kidney epithelial cell line LLC-PK [35]. The 
inhibition of Na^/H* exchange by amJloride analogs 
has also been studied in rabbit renal microvillus 
membrane vesicles [511. 
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The meJhods used for measurement of Na*/H;^ 
exchange arje numerous and are described in detail 
elsewhere [35, 50, 51, 62, 75, 82, 86]. A number of 
factors mayiinfluence the inhibition of transport by 
amiloride and its analogs, including: 

i 

a, Extraceltular pH. Amiloride and its analogs in- 
hibit the NaK/H"' exchanger in the proionaied form 
[50]. Therefore, the pH of the extracellular (or ex- 
travesiculari solution must be well below the pK„ of 
the amitoridie analog {see Table 8). 

b, Collapse \of pH Gradient. Amiloride and a large 
number of its analogs (in particular, a number of 
analogs thai have been shown to be potent inhibi- 
tors of NaVfi"" exchange) bear hydrophobic subsli- 
tuenls and dre quite lipophilic, especially when the 
analogs are junprotonated. These amiloride analogs 
are permeable weak bases, and may accumulate in 
acidic comj^artmenis and collapse a pH gradient 
across plasrna membranes, organelles, or mem- 
brane vesicles {see below). We* and others [31] 
have observ'pd that amiloride and several of its ana- 
logs will collapse a pH gradient across membrane 
vesicles. T^is is dependent, at least in part, upon 
the hydropriobicity of the amiloride analog. 

1 

c. Intracellular Accumulation of Amiloride. Amil- 
oride has b^en shown to accumulate within cells. 
This may potentially influence inhibition of NaVH'*' 
exchange by a number of mechanisms, such as inhi- 
bition of inijracellular proteins (such as protein ki- 
nases) which may be involved in the regulation of 
Na*/H^ exchange [61, 70), or through increasing 
intracellulari pH which may inactivate the Na-^/H* 
exchanger [IL The Na^^/H^ exchanger is regulated 
by intracellular pH. Lowering intracellular (or in- 
travesicular) pH activates the exchanger by increas- 
ing its affinity for internal H"^ without changing the 
Knt for exieirnal Na'' or Ki for amiloride (66, 67). 
Among several cell lines that have been studied', 
either an increase in V^ax [12, 83] or no change in 
V„,,;, has been observed (66, 67] following a de- 
crease in intracellular pH. 

i 

d. Extracellular Na"" Concentration, The extracel- 
lular (or ext^avesicular) Na* concentration has been 
shown to effect the interaction of amiloride analogs 
with the Nai*/H* exchanger. Increasing the extra- 
cellular (or jextravesicular) Na'*' concentration de- 
creases the 'apparent affinity of amiloride analogs 
for the Na^yR-" exchanger. In addition, amiloride 
increases the K„ for Na* without changing the V^. 



• Kaczorowski, G., Garcia, M., Kleyman, T., and Cragoe, 
E J.. Jr. (unpublished observations). 



Amiloride analogs and Na"^ share a common binding 
site on the Na*/H* exchanger [43] I In addition, 
amiloride has been shown to inhibic the NaVH* 
exchanger by binding to a second site which is inde- 
pendent of the Na* binding site [39]- i 

e. Extracellular anions. Studies withjbrush border 
membrane vesicles derived from rabWt kidney cor- 
tex have demonstrated that the IC50 o^ amiloride for 
the Na^/H*" exchanger is reduced in the presence of 
a gluconate containing buffer when compared with 
a chloride containing buffer [84). 

L Structure-Activity Relationships for Amiloride 
Analogs with the Na^lH"" Exchanger^, 

A large number of amiloride analogs have been used 
to inhibit Na-'/H* exchange in different cell types 
and in membrane vesicles by a variety of methods. 
A consensus on the structural modifications that en- 
hance the affinity of amiloride analogs for the Na*/ 
H* exchanger is apparent from thesje studies, al- 
though the absolute Ki varies, in part dependent 
upon the method used to study Na-'/H"' exchange. 
It is clear that the most potent and specific inhibi- 
tors of the Na"^/H^ exchanger are amiloride analogs 
with hydrophobic groups on the 5-ainino nitrogen 
atom. A representative list of amiloride analogs that 
have been studied appears in Tables j 1-7. General 
observations on the effect of these almiloride ana- 
logs on Na*/H-" exchange are discussjed in relation 
to changes at various sites on the pyrazinc ring uti- 
lizing data obtained in studies of the human neutro- 
phil Na-^/H^ exchanger [75]. The ICsoifor inhibition 
of the exchanger by amiloride is 84 in human 
neutrophils, and as low as 3 to 7 /xm in jother tissues. 
This variation is likely due, in part, to differences in 
the concentration of Na"' used in the assay. The 
IC30 for inhibition of Na*/H^ exchange, relative to 
the IC50 for inhibition by amiloride arjc, in general, 
similar among the various cells studied. 

i 

a. 5'Position Subsiituents, The most potent inhibi- 
tors of Na'^/H'^ exchange are amilorijie analogs in 
which the 5-amino nitrogen atom bears one or two 
substituents. Two subsiituents are gcjnerally supe- 
rior to one and the subsiituents are gciicrally hydro- 
phobic in nature. However, some| hydrophilic 
groups (e.g. polyhydroxyalkyl) and bjasic moieties 
capable of proionation at a second site in the mole- 
cule (e.g. aminoalkyl (No. 14). guaniclino (No. 17) 
and guanidinoacylalkyi (No. 40)) confer consider- 
able activity to the molecule. In several cell lines, 
the most potent compounds in this class exhibit IC50 
values for inhibition of NaVH* exchange below 
100 nM. 
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The generalities summarized above arc illus- 
trated ir» Table 2. Among the -ore poten^ ana ogs 

which riave received a '^^"^•^^'"'^'fj.^Syl-N- 
studv in la variety of tissues are the 5-(N-rnetnyi xn 
oprVp^O (No'27), the 5-(N-methyl-N-.soba tyl) 
(No. 305. the 5-(N-ethyl-N-isopropyi) (No. 31). the 
5 (N.N-hexamethylcne) (No. 33) and the 5-(N N- 
diineihyi) (No. 25) analogs of amilonde which ex- 
St loTto 500-fold greater potency than^'«">"<»*- 
Thei 5-H analog of amiloride (No . 6) .s only half 
as potent as amiloride itself, indicating that an un- 
Sb^iiuked 5-amino group does not confer much of 
an enhaficing effect on the molecule. 

b. 6-Po!:ition Substiments. The 6-Br (No. 4) and M 
(No 5) are, respectively, two- and fivefold more 
^^fen;¥an 'amiloride, whereas the 6-H (NoJ) and 
6-iF (No. 3) analogs of amilonde are, respectively. 
13- andj eightfold less potent. 

c 2-CdrbonylguamdmO Suhstiiuents. The carbon- 
y guanikino moiety is required for activity. When 
?his gr(iup is replaced by the carbony am.noguarn- 
dino'( No' 83) or the carbonyith.oure.do (No^ &4 
group kctivity is lost. Substitution on the terminal 
SuanwL nitrogen atom with hydrophobic grotjps 
^^ch a^ alkyl (No. 48). benzyl (No 54). substnuted 
benzylkNo. 58), pheneihyl (No. 71) or phenyl (No. 
76) decreases activity. 

! 

d. 5- and 6-Position Substituents. Tht 5-H, 
compolmd (No. 41) is a poor inhibitor of Na /H 
excharige, as is the 5-NH. 6-H compound (No 2 . 
The 5-iH. 6-p-chlorophenyl analog (No. 42) is 21- 
fold nlo^ potent than amiloride. The 5-(N.N-d.. 
methy )-6-l (No. 46) is approximately fivefold more 
potentithan its 6-Cl counterpart (No. 25). just as 6-1 
amiloride (No. 5) is fivefold more potent than amil- 
oride (jNo. I). 

e. Replacement of the Pyrazine Ring. Compounds 
have feeen synthesized with cyclic or heterocyclic 
groupi in place of the substituted pyrazine nng. 
Severil of these compounds are more potent than 
amiloikde in inhibiting the Na*/H* exchanger. Re- 
placement of the 3,5-diamino-6-chloropyrazinyl 
moietir by 2-anihraquinolyl (No. 90) or l-(4- 
chlorqphenyl)2-propenyl (No. 91) produced com- 
pounds 11- and 23-fold more active, respectively, 
than ! amiloride. Replacement bV ^ ^^-P^^**^" 
ethenyl (No. 88) or diphenylmethyl (No. 89) pro- 
vided [Compounds as active as amiloride. 

/. sJosition Substiments. The effect on the Na*/ 
H' exchanger of amiloride analogs with substitu- 
tions at this site has not been studied. 
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j 

2 Specificity of Amiloride and /mI Analogs for 
Inhibition of the Na*/H* Exchanger 

Amiloride analogs bearing hydbphobic subst^ 
uiems on the 5.amino group of ^he PVr'^f' "f^ 
have both the highest activity and specificity tor the 
NaVH* exchanger. When studied m the P^sencc 
of a low [Na*l. 1Ck> < 100 h^Ve be^n obse«v^^^^ 
for a number of amiloride analogs. This is OO-fold 
less than the 1C„ observed with Jbese analogs for 
inhibition of the epithelial Na^ channel 126). Na / 
S* exchanger [411. Na^/K^-^TPase 1861. and 
Na*-D-glucose cotransporter ll61j. . n 

The effect of amiloride analogs on P^oie*" J^'; 
nases has not been extensively sf " Jed , Am^^londe 
and 5-(N,N-dimethyl)amiloride a^ 9 and 100 times 
more potent, respectively, m inhibiting N« « 
change than in inhibiting protein kinase C 191. Amil 
oride has also been shown to inhibit a number of 

other kinases with LC50 s'"^"" ^^^i^.^^fde'tilu 
protein kinase C [29]. Amilonde |mh,brts adeny^^^^^^ 
cyclase with an IC,o similar to the: 1C«. for inhibit on 
of Na*/H* exchange (581. The ieffect of 5-am.no 
substituted amiloride analogs oni adenylate cyclase 
has not been- examined. 

C. Na*/Ca** Exchanger 

Changes in the intracellular [Ca^il have been shown 
to mediate a variety of cellular processes. The intra- 
cellular [Ca^*] is tightly regulated m eukaryotic 
cells by a variety of mechanisms, including trans- 
Dort of Ca'* across plasma meipbranes. transport 
across membranes surrounding intracellular organ- 
elles, and binding to negatively cha'-f ^^.^''^^f, J„7 
Na*/Ca^* exchanger is a major '^^'^ban.sm of trans- 
port of CaJ* across plasma membranes [52] and has 
been described in a variety of cell types, ""eluding 
electrically excitable cells such ajs giant squid axon, 
cardiac muscle, skeletal muscle jand pituitary cells 
The exchanger has also been found m both leaky 
and tight epithelia, and in ery^^ocytes. 

The Na*/Ca^* exchanger is a reversible electro- 
genic transporter that exchanges 3 Na* 'ons for 
each Ca2* ion. Amiloride is a poor inhibitor of the 
NaVCa^* exchanger, with an IC;so of approximately 
1 mM [41]. It is a reversible inhibitor of the ex- 
changer and the inhibition is competitive with re- 
spect to Na*. Amiloride interacts more than 
one Na* binding site on the transporter [41). Amil- 
oride analogs have been shown to block Na*/Ca 
exchange in intact cardiac myqcytes (11, fZ]. jne 
pharmacology of amiloride inhibition of the Na / 
Ca^* exchanger has been studied by measunng the 
inhibition of Na* or Ca^* fiuxeis across rnembrane 
vesicles. As with other amiloijide-sensitive trans- 
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porters, the IC50 »s dependent on the extracellular 
(or extravesicular) Na^^ concentration, and it is the 
protonated jform of the drug which interacts wuh 

the exchanger [41, 73]. 

I 
J 

/. Siructure-Function Relationships for Amiloride 
and Its Analogs with the Na^ICa^^ Exchanger 

\ 

a, 2'Carboriylguanidino moiety. The introduction of 
hydrophobifc groups on the terminal guanidino ni- 
trogen atom (Nos. 48 and 49) increases the activity 
over that o!f amiloride. A benzyl substituent (No. 
54) increases activity by an order of magnitude. Ap- 
propriate slibstitution of the benzyl group further 
enhances activity. The 2'-Cl (No. 56), 2',4'-CU (No. 
58). 3',4'-CU (No. 59). 2',6'-Cl2 (No. 60), and the 
2',4'-(CH3)a (No. 62) analogs are between 40- to 
HO-fold more active than amiloride. Addition of 
phenyl to ttJe methylene portion of the benzyl group 
(No. 66) enhances the activity of benzamil (No. 54) 
by another! order of magnitude. The 2-phenethyl 
compound iNo. 71) is as potent as benzamil (No. 
54). The phenyl (No. 76. phenamil) and 2,6-di- 
methylphertyl (No. 77) substituents are, respec- 
tively, 5- toj7- fold more active than amiloride. The 
introduciioi^ of two small alkyl groups (No. 78) on a 
terminal guanidino nitrogen atom decreases activ- 
ity; howevisr, two large alkyl groups (No. 79) 
slightly enhances activity. 

The guanidino moiety is required for inhibition 
of the exchanger. Analogs with substitution of the 
guanidino moiety with an aminoguanidino group 
(No. 83) ori deletion of the guanidino moiety and 
replacement >^ith HO— (No. 85) arc inactive. 

b. 5'Amino\ Substituents. Amiloride analogs with 
hydrophobic substituents on the 5-amino moiety 
have enhariced activity against the Na*/Ca^* ex- 
changer. Tlae introduction of adamantyl (No. 13), 
benzyl (Nol 18), substituted benzyl (Nos. 19-23), 
dialkyl (NoJ 34), or an alkyl and a substituted benzyl 
(No. 35-37i are between 50- to 115- fold more po- 
tent than arniloride. 

c. 6-Positioh Substituents, Replacement of the 6-Cl 
group of aiiiiloride by H (No. 2), Br (No. 4) or I 
(No. 5) does not alter activity. However, the 6-F 
(No. 3) compound is an order of magnitude less 
active. \ 

i 

d. 5'Positioif and Terminal Guanidino Substituents. 
Introductioi^ of a substituted benzyl group on the 
terminal guanidino nitrogen atom and a substituted 
benzyl grout) (No. 87) or two alkyl groups (No. 86) 
on the 5-ammo nitrogen atom produced compounds 
150- to 300-fold more potent than amiloride. This 
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structural maneuver enhances activity against the 
Na'^/Ca^* exchanger, but markedly diminishes ac- 
tivity against the Na* channel. 

e. Replacement of the Pyrazine Ring a As seen with 
the Na*/H* exchanger, the replacement of the 3,5- 
diamino-6-chloropyrazinyI moiety byj certain other 
groups can be accomplished and i still achieve 
enhancement of NaVCa^* exchange inhibitory 
activity over that observed with amiloride. The 
diphenylmethyl and 2-(4-chlorophenyl)propenyl 
substituted analogs (Nos. 89 and 191) are 11- 
fold more active than amiloride. The 2-(4-pyn- 
dyOethenyl (No. 88) and the 2-anthr^uinolyl (No- 
90) analogs are inactive against the iNa^/Ca^-" ex- 
changer, but maintain or enhance activity against 
the Na-'/H* exchanger. 

/. 5- and 6'Position Substituents, Replacement of 
the 5- and 6-substituents of amiloridej by H— (No. 
41) results in a profound decrease iii activity. Re- 
placing the 6-Cl group of 5-(N-ethy!rN-isopropyl) 
amiloride (No. 31) by 6-1 (No. 47) decreases activ- 
ity, j 

g. 3'Position substituents. The effecj of amiloride 
analogs with substitutions at this site on the Na*/ 
Ca^^ exchanger has not been studied! 

i 

2. Specificity of Amiloride Analogs for Inhibition 
of the Na ^ICa^"^ Exchanger 

Relatively high concentrations of amiloride are re- 
quired to inhibit the Na-^/Ca^*" exchanjger. Although 
proper substituents on cither the 5-am:ino or the ter- 
minal guanidino nitrogen atoms increase the activ- 
ity of these analogs by up to lOO-foH, the IC50 is 
only in the range of 10 /tM. This is a considerably 
greater concentration than is required! for inhibition 
of a number of other transporters, sujch as the epi- 
thelial Na^ channel and the Na^/H"*- exchanger. It is 
important to note that of the amiloride analogs ex- 
amined, those active against the Na^/Ca^-^ ex- 
changer are equal or more potent inhibitors of the 
Ca2+ channel (Nos. 1, 25, 30, 31, 54, i59, 76)^ (U]. 

Amiloride analogs bearing substiiiuents on both 
the 5-amino and terminal guanidino nftrogen atoms 
have increased activity for the exchanjger, with IC50 
of 3,5 to 7 ptM. These analogs do not inhibit the Na* 
channel at this concentration and therefore do show 
some specificity for the NaVCa^"" exchanger. How- 
ever, the effects of these analogs on other transport 
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. kinases has noi been examined. 

KXrto^VrdrarJ quite hydrophobic a„a 
are diSlt lo at concentrations above 10 /.M. 

D. Na*/Ii:*-ATPASE 



The Na*/K*-ATPase is present in many eukaryotic 
tXortingNa' outof andK* fo^^cr.- 
ating traiscellalar chemical gradients for both Na 
and The Na*/K*-ATPase is inhibited by car- 
dS: elyJosides and is also inhibited by am.Ioride^ 
The inhibition of the NaVK^-ATPase by aoi.lor.de 
been! studied by a number of mvestigaiors us.ng 
intact cells, membrane vesicles, and Pa^'^Uy puri- 
fied pumb [37. 69. 78, 86]. It is unclear if anjifonde 
interactsl with the pump by binding to a Na* bmdmg 
site, an ATP binding site, or by an a .ernative mech- 
anism, lit is also unclear if am.lor.de binds to an 
extracellular or intracellular P":"'^'".^ 

The pharmacology of am.loride inhibition of the 
pump has been characterized most extensively us- 
ing partially purified pump from dog Sidney _ The 
ic/for inhibition of ATPase activity by am.londe^^^ 
greater than 3 mM. Appropriate subst.tution of the 
5-amino!moiety of amiloride deceases the IC» to as 
low as 200 MM [861. 5-<N.N.DimethyI)amiloride in- 
hibits th^ pump with an IQo of 3 which is four 
orders df magnitude greater than the IC» for inhibi- 
tion of lka-/H* exchanger [86]. The effect of intro- 
duction j of substituents on the terminal ^^^jogtn 
atom oflihe guanidino moiety has "^^been s udied 
except for beniamil, which has an ICjo less than 1 
mM wh^n studied in membrane vesicles from rabbit 
kidney (371. 

E. Na^lcoupLED Solute Transport 

The traiisport of a number of solutes across the api- 
cal plasma membrane of epithelia has been shown 
to be tibhtly coupled to Na* The Na*-D-glucose, 
Na*-L-alanine, and Na*-POj- transporters are in- 
hibited by amiloride at concentrations greater than 1 
mw [161, 37]. The interaction of amilonde with the 
Na*-D-glucbse transporter has been studied m 
brush biorder membrane vesicles from rabbit kidney 
cortex and in LLC-PK1/CL4 cells, a cell line wiih 
transpdrt characteristics resembling renal proximal 
tubularlcells. The iCjo of amiloride is 2 mM [37]. The 
inhibition is binding to a Na* binding site on the 
transporter [16, 37]. Amiloride is also a compeutive 
inhibitir of Na*-dependent ('Hlphlonzin binding 
137]. This transporter is inhibited by amiloride ana- 
logs bearing hydrophobic substituents on the 5- 
amino inoiety (Nos. 30. 31) or on terminal mirogen 
Of the guanidino moiety (Nos. 59, 76) with IC» be- 
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tween 0.1 and 0.3 mM [16], whenj assayed in the 
presence of a low concentration of| Na • _ 
^ Na*-dependent L-alanine and POj trans- 
porters are hihibited by amiloride at concentrations 
weaSr than I mM. Introduction of hydrophobK: 
Soups on the 5-amino moiety or tl^ terminal mtro- 
SnTom of the guanidino moiety slightly decreases 
the ICso t37]. 



F. Other Ion Transporters \ 

a Voltage-Cared Na* Channel. U volt^ge-^ed 
Na*-sele?tive ion channel is present in e'^ctrically 
excitable cells and is inhibited specifically by the 
tSs tetrodotoxin and saxitoxin n the nanomolar 
range It has recently been sboNMn that amilonde 
nSs this channel in both sy^^^P;^^^'"" -.^"^ 
heart membrane vesicles, as measf ed by inhibition 
Sf veratridine-activated «Na* flux across mem- 
brane vesicles [80]. The IC50 for! inhibition of the 
W flux by amiloride is 600 ,.m. Amilor.de 
analogs bearing hydrophobic substituents on the 
5-amiio moiety or terminal | nurogen oMh^^^ 
guanidino moiety have lower IC.^^ 6 mM for MN 
ethyl-N-isopropyl)amiloride (No. ?1) ^-^^^J^t^^^^l 
benzamil (No. 54)). It is unknown .f )L»7;"6 the Na 
concentration used in the ass^yj^'^t 
Amiloride and analogs with bydrophob.c ubst, - 
uents on the 5-amino moiety or on the terminal n. 
troecn atom of the guanidino moiety inhibit the 
Sl^g S^^HVatracliotoxin-A lO-alpha-benzoate 

and ['Hltetracaine to the channcl;l80J. 
b VoUage-CatedCa^* c;,««n./.Jrhe voltage-gated 
Ca^* channel in sarcolemma f^^"" 
is inhibited by amiloride with ap ICy, of 90jxm- 
Amiloride analogs bearing hydrophobic substi- 
tuents on the 5-amino moiety or ib^^^n"!^^ J'tJ^" 
een of the guanidino moiety (Nos^ 25. 30, 31, 54, 3V. 
76? arc belween five- to 75-fold | more active than 
amiloride.3 Amiloride analogs binb »° * 
ing site in the pore of the Ca?* channel and allosten- 
cJly alter binding of dihydropyridines. aralkyl- 
a£es and benzoThiazepines [33] E^-^-Pby^'^ 
logic studies with intact frog atrial myocytes have 
shown that the amiloride 3%4Vd«chlorobenzam. 
(No. 59) inhibits the voltage-g^ted Ca»* channe 
with an IC50 of 0.8 and is a more potent inhibitor 
rf tL ca^* channel than of the Na*/Ca»* exchanger 

[IIJ- ! 
c. K* channel. Electrophysiologic stvidies with in- 
tact frog atria myocytes suggest |hai 3'.4 -dichloro- 
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bcnzamil i^^o. 59) inhibits the delayed rectifier 
channel with 30 to 40% inhibition of the K"" curreni 
at a concentration of 5 fiM [1 1]- 

d. Nicorini^ Acetylcholine Receptor, Amiloride has 
been observed to inhibit the nicotinic acetylcholine 
receptor isolated from Torpedo^, The ICjo is ap- 
proximate!^ 100 /AM. 

G. Enzymes and Receptors 

i 

a. Protein kinases. Phosphorylation of cellular pi;o- 
tcins by protein kinases has been shown to be in- 
volved in tHe regulation of a variety of cellular pro- 
cesses including metabolism, transport, growth and 
differentiatijon. Amiloride has been shown to inhibit 
a number of protein kinases, including types 1 and II 
cAMP-dependent protein kinase [68], protein ki- 
nase C [9], I and protein kinase activity associated 
with the insulin receptor, epidermal growth factor 
(EGF) receptor, and the platelet-derived growth 
factor receptor [29]. The ICjo for inhibition of EOF 
receptor protein kinase is 350 fMM. The inhibition is 
competitive: with ATP, suggesting that amiloride 
binds to an I ATP binding site on the enzyme. Amil- 
oride is a noncompetitive inhibitor of substrate (his- 
tone) phosphorylation [29]. Both amiloride and 
5-(N,N-dimjethyl)amiloride inhibit purified protein 
kinase C with IC54, of approximately I mM [9], Amil- 
oride inhibits types 1 and II cAMP-dependent pro- 
tein kinases with an ICw of approximately I mM 
[68], The interaction of other amiloride analogs with 
protein kinases has not been studied. 



b. Adenylat^e Cylcase, Amiloride inhibits protein ki- 
nases through competition with ATP for an ATP 
binding site! and therefore might inhibit other ATP- 
dependenl processes. Adenylate cyclase catalyzes 
the conversion of ATP to cAMP. The generation of 
cAMP in fisih erythrocytes is inhibited by amiloride 
in a dose-dependenl manner, with an IC50 of 6 /xm 
[58]. The efifcci of amiloride analogs in this system 
have not b^n examined. 

c. Monoamine Oxidase. Amiloride is a comparative 
inhibitor of! monoamine oxidase activity measured 
in rat brain jhomogenate [63]. 

d. Acetylcholinesterase, Amiloride is a noncompeti- 
tive inhibit^" of acetylcholinesterase, with an ICjo in 
the range of 20 to 60 /xm [28]. 

e. Urokinase-Type Plasrninogen Activator, Amil- 
oride inhibits urokinasc-typc plasminogen activator 
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with an IC50 of 7 /am [79]. Amiloride dbes not inhibit 
tissue-type plasminogen activator, jplasma kalli- 
kreln, or thrombin. i 

/. Renal Kinins. Amiloride is a noncpmpetitiye in- 
hibitor of rat and human renal kallekrein, with an 
IC50 in the 85 to 230 /tM range [591- ; 

g. Muscarinic Acetylcholine Receptor. Amiloride 
has been shown to inhibit the muscarinic acetylcho- 
line receptor. Studies with rabbit psincreatic acini 
have shown that amiloride inhibits almylase secre- 
tion induced by carbachol with an iCso of 40 /xm, 
^^Ch^* efflux induced by carbachol wi^h an IC50 of 80 
/XM, and is a competitive inhibitor of ['H]quinucli- 
dinyl benzylate binding to the muscarinic acetylcho- 
line receptor [49]. 

h. Alpha and Beta Adrenergic Receptors. Amil- 
oride in a competitive inhibitor of| [^HJprazocin 
binding to alphai receptors in membrane vesicles 
from rat renal cortex or bovine carotid artery with 
an IC50 of 24 to 33 /xm [10. 38]. Amiloride is also a 
competitive inhibitor of ('H]rauwolsdine binding to 
alpha2 receptors and ('^I]iodocyanoj>indolol bind- 
ing to beta adrenergic receptors in rat renal cortical 
membranes with IC50 of 14 and 84 mH, respectively 
[38]. Both benzamil and 5-(N-ethyl-jN-isopropyl)- 
amiloride are between two- to 25-foI<|l more potent 
than amiloride in inhibiting specific ligjand binding to 
alphai, alpha2, and beta adrenergic receptors. Amil- 
oride blocks both veratridine and norepinephrine- 
stimulaied smooth muscle contraction. The inhibi- 
tion of smooth muscle contraction by ^miloride may 
be due to inhibition of the alphai adrenergic recep- 
tor or due to inhibition of a number of! other cellular 
processes [10]. 

/. Atrial Natriuretic Factor (ANF) Receptor. ANF 
is a peptide hormone secreted by atrial myocytes 
and binds to specific cell surface receiptors. Recent 
studies have shown that ANF binds to both low and 
high affinity receptors, and that amiloride (200 /xm) 
increases the number of high affinity isites in mem- 
branes obtained from adrenal zona glomerulosa 
[60], This change in the number of binding sites is 
associated with a conformational change in the 
15,000-Da receptor, as shown by a change in the 
elution profile on sieric exclusion chromatography 
[601. 

H. Other Cellular Effects 

i 

i 

a. DNA and RNA Synthesis. Cells jgrown in the 
absence of growth factors may arresti in GO. Addi- 
tion of serum or defined growth factors stimulates 



HK 19 200 1 15:22 FR CISTl I CIST 



TO 13124741159 



R. IS^ 



16 i 

DNA, RnU. and protein synthesis. In;"^^" "'l^' 
addition olF amiloride inhibits the growth tacior-.n- 
duced DNiA, RNA. and protein synthesis [48, 50J. 
The effect of amiloride on protein synthesis is a 
direct effe'tt {see below). The effect of amiloride on 
DNA and RNA synthesis may be indirect. Lower- 
ing the dxiracellular Na* concentration inhibits 
DNA andlRNA synthesis, suggesting thai entry ot 
Na* into cells may be a requirement for these 
events. Amiloride analogs inhibit DNA replication 
with IC50 ^^imilar to that observed for inhibition of 
Na*/H* Exchanger [501. suggesting that amilonde 
inhibition! of DNA synthesis is indirect, possibly 
through inhibition of Na*/H* exchange. 

Amiloride also blocks RNA synthesis, as mea- 
sured by! incorporation of pHlundine into RNA. 
Following stimulation of cells with growth factors, 
two peaks of incorporation of ['H]uridine into RNA 
are observed. Amiloride abolishes the late peak of 
PHIuridiric incorporation, while only slightly de- 
creasing the initial peak [48]. It is unknown if this is 
direct or an indirect effect of amiloride. The ettect 
of amilorilde analogs on RNA synthesis has not been 
examined!. 

b Proieik Synthesis. In both intact cells and cell 
free retrieulocytc lysate, amiloride inhibits protem 
symhesisias measured by incorporation of radiola- 
beled ammo acids into proteins [48. 54, 57, 86J. i he 
ICso for inhibition of protein synthesis in reticulo- 
cyte lysate is approximately 300 to 400 /xm [54, 57, 
861. Amiioride inhibits protein synthesis in intact 
cells with an IC50 between lOO and 400 fiM, and 
varies with the cell type studied. Fibroblasts (Swiss 
3T3 cellsl (iCjo = 100 /xm) (57) are more sensitive 
than hepatocytes and A431 cells (IC50 400 ^m) 
[54 57 Sfe]. Amiloride both lowers the initial rale of 
incorporation of [«S]meihionine into proteins and 
the plateau levels of [»S)methionine labeled pro- 
teins [54j. The iCjo for inhibition of synthesis of 
albumin Sn hepatocytes is 30 mM. and is 14-fold 
more seiisitive to amiloride inhibition than is the 
rate of overall protein synthesis, suggesting that the 
ICjofor iijhibition of synthesis of individual proteins 
may vary [541. The effect of amiloride analogs on 
the inhibition of protein synthesis has been studied. 
In cell frie systems, amiloride analogs bearing hy- 
drophobic substituents on the 5-amino moiety 
showed little variation in their ICjo for inhibition of 
protein synthesis. However, when protein synthe- 
sis was studied in intact cells, the IQo of these ana- 
logs varifes over 25-fold. The rank order of inhibi- 
tion of pijotein synthesis by these amiloride analogs 
correlateii with the rank order of decreasing Rb 
content of cells, although the absolute iCjo was 5-7 
limes higher for inhibition of protein synthesis. 
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These data suggest that amiloride analogs may in- 
hibit protein synthesis in intact cells indirectly 
through inhibition of ion transport! or metabolism 
[86]. The mechanism by which amiloride directly 
inhibits protein syntheses in cell fre^ systems in un- 
clear. As protein synthesis requires iATP, amilonoe 
inhibition may be occurring through competition 
with ATP and inhibition of ATPrdependent en- 
zymes. 

c Metabolism. It has been recently demonstrated 
that amiloride analogs deplete intracellular levels of 
ATP [77, 861. Addition of analogs with substituents 
on the 5-amino moiety (at concentrations >30 mm) 
to A431 cells or to proximal tubularjcells in suspen- 
sion results in a fall in the intracellular levels of 
ATP whereas addition of either amiloride or 5- 
(N,N-dimethyl)amiloridc (A431 cells) at concentra- 
tions of 2 mM had no effect (86]. 

The depletion of intracellular A^P levels may 
be due in part to inhibition of oxidative phosphoryl- 
ation. The consumption of O2 in! renal proximal 
tubular cells is lightly coupled to! the rate of ion 
transport. Addition of carbonyl cyanide p-lnnuoro- 
methoxyphenylhydrazone (FCCP); uncouples Oi 
consumption from ion transport. Amilonde analogs 
bearing hydrophobic substituents ion the 5-amino 
moiety inhibit Oj consumption in FCCP-treated re- 
nal proximal tubular cells in suspension with IC50 ot 
250 to 500 MM. The ICjo of amilori<te is greater than 
1 mM. These data suggest that amilonde analogs 
have a direct effect on oxidative fihosphorylation, 
independent of their effects on ion! transport [77]. 



III. Use of Amiloride Analogs of lirobes 
for Characterizing Transport Protems 

i 

A. Radiolabeled Amiloride Analogs 

a Amiloride. ['"ClAmiloride has b;een synthesized 
with a specific activity of 54 mCi/mmol by the reac- 
tion of ('*C]guanidine with methyjl 3,5-diamino-6- 
chloropyrazinecarboxylatc (21]- ['H]Amiloride has 
not been synthesized, as all of amUoride's protons 
are freely exchangeable. 

b. Amiloride Analogs Bearing Substituents on the 
2'Carbonylguanidino Moiety. A number of intium- 
labeled amiloride analogs have been synthesized, 
including [JH-phenyllphenamil. i pH-benzyl]bcn. 
zamil [24], and [3H-benzyl]6-bromobenzamiI. with 
specific activities between 2 and 21;Ci/mmol. These 
analogs have been synthesized by the reaction of 
synthon I {see Fig. 2) i-methyI-2-(3,5-diamino-6- 
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I 

I o 

i II 

C-N=C-SCH3»HI 
I 



i 

Fig. 2. Synihon for the synthesis of amiloride analogs bearing 
subsiiiuents on ihe lerminat guanidino nitrogen atom 



chloropyrazinoyOpseudoihiouronium iodide or the 
6-Br synih^n 1 with pHjaniline or [^H]benzylaminc 
(22] . pH-.Meihy 11-6-bromomethylamiloride has 
been synthesized by the reaction of bromoamiloride 
with PH] GH3I and has a specific activity of I Ci/ 
mmol [531. i The methyl group is attached to the 
guanidino nitrogen atom adjacent to the carbonyl 
moiety. ! 

Amiloride has been coupled to albumin via the 
N-hydroxysuccinimide ester of the amiloride analog 
bearing a 5-carboxypentyl group on the terminal 
guanidino riitrogen [45]. This was then radioiodin- 
ated by coiiventional techniques placing the '^^I on 
albumin. a| new amiloride analog bearing a 4'-hy- 
droxyphenethyl moiety (No. 72) should prove use- 
ful in synihiesis of radioiodinated amiloride analogs 
(No. 73 an<j 74). 

C. Amiloride Analogs Bearing Subsiiwents on the 5 
Amino GroUp, Both 5-([N-eihyl-N-[^Hlpropyl)amil 
oride (81] ' " 
oride^ have 
of 2 and 28 



, and 5-([N-meihyl-N-[3H]isobuiyl)ama- 
been synthesized with specific activities 
Ci/mmol, respectively. 



d. Amiloride Analogs Bearing Substituents on the 
6'Position of the Pyrazine Ring. A new method has 
recently been described for replacing an H- in the 6- 
position with [15]. 6-IodoamiIoride and a num- 
ber of 6-io^oamiloride analogs have been synthe- 
sized with this procedure. 

i 

i 

B. Binding Studies Using Radiolabeled 
Amiloride! Analogs 

i 

A number of studies have been published recently 
using radiollabeled amiloride analogs to identify and 
characterize binding sites of amiloride ansdogs, with 
plasma mexhbranes or microsomal membranes de- 
rived from cells known to have amiloride-sensiiive 
transporters. Analogs bearing substituents on the 5- 



' 5-(N-rnefhyI-N-'H-isobutyl)aniiloride was prepared by 
New England i^uclcar by the catalytic tritiation of 5-tN-incthyl- 
N-(2-methylallvl)]amiloride. 
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amino group, including 5-(N-methyj-N-[^H]isobu- 
tyOamiloride and 5-(N-ethyl-N-[3H]i$opropyI)amil- 
oride have been used to characterize ibinding to the 
putative NaVH* exchanger (30, 81). (miBenzamil, 
(^HJphenamiU and (^H]6-bromom^lhylamiIoridc 
have been used to characterize binding to epithelial 
Na^ channel [2, 5 , 25 , 46, 71]. 

C. Photoaffinity Labels 

Three major photoactive groups havd been used in 
the development of photoreactive amiloride ana- 
logs. These include arylhalides, arylazides, and aro- 
matic ethers. | 

a. Aryl Holides. Photolysis of 6-brom6, 6-iodo, or 6- 
chloro analogs of amiloride can lead j to the fomia- 
tion of a free radical, and subsequent covalent in- 
corporation into adjacent proteins. This approach 
has been used to identify putative siibunits of the 
epithelial Na"^ channel, using [5H]6-bromobenzamil 
and [^H]6-bromomethylamiloride as photoactive 
amiloride analogs that bind to the Na^ channel with 
both high affinity and specificity [6. 46]. Amiloride 
and 6-bromobenzamil have a major absorption peak 
at 360 nm, and we have used this wafvelength light 
to photoactive 6-bromobenzamil (4i6). ('^C15-(N- 
ethyl-N-isopropyl)-6-bromoamiloride has been used 
as a photoaffinity label for the Na*/H* exchanger 
[32]. 

b. Arylazides. 4-Azidophenamil has j been synthe- 
sized; however, conditions to demons^trate incorpo- 
ration of this amiloride analog into the Na* channel 
have not been defined. \ 

c. Aromatic Ethers. Aromatic ethep have been 
shown to undergo photoactivation anjd photoincor- 
poration into proteins by the mechinism of aro- 
matic nucleophilic phoiosubstitutioni [17]. Photo- 
activation leads to formation of a reactive interme- 
diate with a half life of less than one njsec, at which 
lime nucleophiles can bind covalently to the amil- 
oride analog. If no incorporation ocdirs, the drug 
returns to the ground state. I 

Photoreactive amiloride analogs have been syn- 
thesized with a' 2'-methoxy-5'-nitrol^enzyl moiety 
located either on the terminal nitrogen atom of the 
guanidino moiety or on the 5-amino rnoiety (which 
also bears either a hydrogen or an leihyl group). 
These drugs undergo photoactivation; with 313 nm 
wavelength light. The 2'-raethoxy-5'-nitrobenzamil 
has been used to photolabel and Identify putative 
components of the Na* channel [44], ^nti-amiloride 
antibodies were used to detect the photolabel after 
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photoincofporation into the channel. An amiloride 
analog with the Photoactive group on the 5^am»n^^^ 
moiety h4s been used to label the Na /H ex 
changer [85]. 

I 

I 

D. AffinIty Matrices 

AmiloridJ has been coupled to suPPOjt m^fices 
through qither the terminal nitrogen atom of the 
guanidinoi moiety or through the 5-ammo group of 
5ie pyrzirle ring. Three separate methods have been 
used to doople amiloride to a matnx through the 
guanidino' moiety. One method has been used to 
couple through the 5-amino moiety. 

The first method involves a reactive amilonde 
synthon, \ l-methyl-2-(3,5-diamino-6-chloropyrazi- 
noyOpseiidothiouroniura iodide (jec Fig. 2). ine 
synthon r'eacts with primary or secondary amines to 
form the! corresponding pyrazinoylguanidine The 
synthon was allowed to react with aminohexyi- 
scpharose in the presence of a hindered base (irieth- 
ylamioe)J The product was amilonde coupled to 
sepharosc through a six-carbon spacer arm [47]. 

The second method involves the use of an amil- 
oride anilog bearing a S'-carboxypeniyl group on 
the termilnal guanidino nitrogen atom. A mixea an- 
hydride ^yas synthesized using isobutyl chloroform- 
ate, which reacts with primary amines to form the 
corresponding amide. Amiloride was coupled to al- 
bumin using this procedure, and coupling to amino- 
hexylscp^arose by this method should be straight- 
forward, j The amiloride-aJbumin complex was 
subsequently coupled to sepharose and has been 
used to jdffinity purify anti-amiloride antibodies 145 . 

A thiird method involves the reaction of amil- 
oride with cyanogen bromide-activated sepharose. 
The site Ion the amiloride which binds to the resin is 
unclear, fcoupling may occur on the terminal nitro- 
gen atom of the guanidino moiety. The amilonde 
sepharose resin was subsequently used as an ^n- 
ity resinlto purify the epithelial Na"^ channel [51. 

A method for coupling amiloride through the 5- 
amino gk^oup utilized an amiloride analog beanng 
an isothiocyanato group. 5-[N-(3-ammophenyl)] 
amiloridie was convened to its corresponding 
isothiocyanate and then coupled to dexlran [J*!- 
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E. ANri-AMILORIDE ANTIBODIES 

An amioride analog bearing a 5-carboxypentyl 
group oh the terminal nitrogen of the acylguanidino 
moiety of amiloride was coupled to albumin by gen- 
eration iof a mixed anhydride. Approximately 10 
moles of amiloride were bound per mole of albumin. 
The amjloride-bovine serum albumin was used to 
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raise anti-amiloride antibodies in jrabbits. which 
were subsequently affinity purifiedi with amil- 
oride-rabbii serum albumin affinity polumn 145J. 

i 

F. Methodologic Problems 

a Solubility Characteristics. Amildride and many 
of its analogs are soluble in aquequs solutions at 
concentrations less than 1 to 10 mM .The so vbil.ty 
of the analogs usually decreases ^ylth addition of 
hydrophobic groups. Stock solutions of amilonde 
and many of the amiloride analogs may be made m 
DMSO at concentrations of 1 m. W6 generally make 
stock solutions of amiloride analogs at a concentra- 
lion of 10 mM in DMSO and store ithe solutions at 
-20*C protected from light. 

b oK.. The guanidino moiety of atniloride is pro- 
tonated at physiologic pH. and it is this PO/itwelV 
charged species that appears to be required for inhi- 
bition of ion transport. The pK. of|amiloride is 8 7 
in 30% ethanol of 8.8 in water. The pK, tends to 
decrease with substitution of electron-withdrawing 
groups on the terminal nitrogen <>f /he guanidino 
moiety. Table 8 lists of pK.'s of anjiilonde and sev- 
eral amiloride analogs. i 

c Lipid Solubility. Both amiloridje and amiloride 
analogs bearing hydrophobic substStuents on the 5- 
amino and acylguanidino moietiesjof ami onde are 
hydrophobic when uncharged, and dissolve easily 
in organic solvents, such as octaool. The proton- 
ated (i.e., charged) species are more soluble n 
aqueous solutions, and have varying solubility in 
octanol. The lipophilicity of amiloHde and its ana- 
logs has been determined by measuring the distnbu- 
Uon between a buffered aqueous jAase and octanol 
or chloroform. The results for several amilonde an- 
alogs are listed in Table 8. 

d. Intracellular Accumulation. Several studies have 
shown that amiloride accumulates within ceils. 
Amiloride and its analogs may diffuse across mem- 
branes in the unprotonated or protonated form, or 
may be transported across. Amiloride uptake into 
hepatocytes was shown to be dependent on the ex- 
tracellular Na* concentration and on temperature 
[54] The tm for cellular uptake <vas 5 to 10 mm. 
These data suggest that amiloride uptake m hepato- 
cytes was due. in part, to tranisport across the 
plasma membrane. The intracelWar concentration 
of amiloride was 10-fold greater than the extracellu- 
lar concentration, assuming that cellular amilonde 
was free in solution and not bound to lipid or com- 
partmentalized. Amiloride was also shown to accu- 
mulate within frog skin epithelial cells [13] and 
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within A43 j cells [29] at intracellular conceniradons 
greater than the extracellular concentration. Amil- 
oride has been shown to diffuse across red blood 
cell and nejiitrophil plasma membranes with a per- 
meability doefficient of approximately 10"^ cm • 
sec"' [4, 76). The uptake of amiloride was shown to 
be temperajiure dependent and independent of the 
extracellular [Na"*^]. In neutrophils 75% of the intra- 
cellular amiloride was considered to be in the lyso- 
zomaJ compartment [76]. In other cell types, the 
extent to which intracellular amiloride localized to 
intracellular compartments or is bound to mem- 
branes is uncertain. 

e. Absorptibn Characteristics. The absorption char- 
acteristics <|)f amiloride and a number of its analogs 
have been studied. In general, three major absorp- 
tion peaks Itave been observed at approximately 360 
to 370 nm, j265 to 290 nm, and 215 to 235 nm. The 
absorption ! peaks are broad and appear to vary 
slightly amiong the different analogs and with the 
solvent system used. The extinction coefficients at 
these wavcjiengihs are in the range of 10,000 M"' 
cm"' to 25J0OO M"* cm"*. 

i 

j 

/. Fluorescence Characteristics . Amiloride and its 
analogs are! aromatic compounds and are highly flu- 
orescent. Amiloride has excitation maxima at 286 
and 360 nn^, and an emission maximum at 410 to 
414 nm. Both the fluorescence and absorption prop- 
erties of th^ analogs may interfere with techniques 
that utilize fluorescent probes to measure intracellu- 
lar pH anid intracellular Ca^^. Amiloride may 
quench the jfluorescence of both acridine orange and 
carboxyfluorescein, probes that have been used to 
measure injtravesicular and intracellular pH. The 
absorption peak of amiloride at 360 nm may inter- 
fere with the absorption of quin 2 (excitation at 342 
nm) and fura 2 (excitation at 340 and 380 nm), 
probes that | have been used to measure intracellular 
calcium ionjs. 

! 
I 

j 

j 

Amiloride jinhibits most plasma membrane Na* 
transport systems. We have reviewed the pharma- 
cology of inhibition of these transporters by amil- 
oride and itjs analogs. Thorough studies of the Na* 
channel, the Na^/H"^ exchanger, and the Na^/Ca^* 
exchanger, Iclearly show that appropriate modifica- 
tion of the structure of amiloride will generate ana- 
logs with ijncreased affinity and specificity for a 
particular transport system. Introduction of hydro- 
phobic substituents on the terminal nitrogen of the 
guanidino moiety enhances activity against the Na*^ 
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channel; whereas addition of hydrophobic (or hy- 
drophilic) groups on the 5-amino moiety enhances 
activity against the Na*/H^ exchanger. Activity 
against the Na*/Ca^* exchanger and Ca^"" channel is 
increased with hydrophobic substituents at either of 
these sites. Appropriate modification of amiloride 
has produced analogs that are several hundred-fold 
more active than amiloride against specific trans- 
porters. The availability of radioactive and photoac- 
tive amiloride analogs, anti-amiloride antibodies, 
and analogs coupled to support matrices should 
prove useful in future studies of amiloride-sensitive 
transport systems. • 

The use of amiloride and its analoj^s in the study 
of ion transport requires a knowledgie of the phar- 
macology of inhibition of transport prpteins, as well 
as effects on enzymes, receptors, and other cellular 
processes, such as DNA, RNA, and protein synthe- 
sis, and cellular metabolism. One irnust consider 
whether the effects seen on various cellular pro- 
cesses are direct or due to a cascade jof events trig- 
gered by an effect on an ion transport system. 
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I [42] Cation Transport Probes: The Amiloride Seijies 
I Thomas R-KXEYMAN and Edward J. Cragoe, Jr. j 



introduction 

i AmUoride and a large number of amUoride analogs were synthe|«d m 
4e mid-1960s while in search of diuretic »f »«» ."h?* .P?^^* 
iatiTuretic as weU as antikaliuretic properties.'.^ Amilond« mtobits the 
£nel present in urinary epitheUa, and both the namuj^ 
fiuresis observed cUnically are a direct result of »?hib.tion of i*«Na 
Channel.' Amilotide and its analogs have ^^^"^^J^JS. 
ihhihit a varietv of other ion transporters and eniymes, to mteiact witn 
^cdrT^honnone receptors and to inhibitDNA. RNA. andprotetn 

ttSltridTf a j^azinoylguanidine bearing amino groups in H 3^^^ 
LodSo^and a cWoro group in the 6-position of the pyiazme mi^(Tabte 
flfo^HWOanalogshavebeen synthesized.' This chapter reviews the uK 
if a^^riranalo^^as probes for the characterization of .on transport 
proteins. 

t : 

i ' • i 

Ion Transport Systems 

I Amiloride and a large number of amUoride analogs have been psed^ 

eve^Twe inhibitors of ion transport.^' ^"^^^^^^^T'ThSn" oHon 
iiino moiety and its protonated form is required for mhibmon of lon 
t^^s^n'^^^ThcpK. of amiloride is 8.8 in H,0 (8.7 in 30% ethax^ol) and 
decre^es with substitution of electron-withdrawing groups on thf t|nnQ«^ 
Sitrogen of the guanidino moiety.^ The concentrations of amilopde re- 
^uir^ to achieve half-maximal inhibition (IC30) °f ^^VP-^^'^S^ 
Channel, Na^H* exchanger, Na-^/Ca^* exchanger, Na-,K^-ATPase. volt- 

j . • i 

1 E. J. Cragoe. Jr., in -Diurerics" (E J. Cragoe, Jr., ed.), p. 303. WOey, York, im 
»£. J. Crag<M^, Jr!, O. W. Woltasdorf; Jr.. J. B. Biddng, S. F. Kwong, and J. H. Jones, /. 
i Med. Chem. 10, 66 (1967). , « 

T. R. KJeyman and E. J. Cragoe. Jr.. Semin. Nephrol f »2« (1988). 
\ T. R. Kleyman and E. J. Cragoe, Jr.. /. Membr. Biol. 105, 1 (1988). 
» D. J. Benos, Am. J. Physiol. 242, C131 (1982). ^ . , ^ • / <« 41 ni)76^ 

D. J. Benos. S. A. Simon. L. J. Mandd, and P. M <^a. /. Gen. Physiol. 68, 43 (1|76) 
T G. L'AUemain, A. Franchi. E. Cragoe, J[r.. and J. Pouyssegur, /- BioL Chem. 2^9, 4313 

1 a flCacTorowski, F. Barros, J. K- Dethmers. and M. J. Trumble. BiochemUtry 1m, 1394 
i (1985). i 

i Copyiiehi © IWO l»y Acadeinlc Press, Inc. 

LeTHODS in ENZYMOLOGY. vol. .9. ^righ»ofK,.od»«io«««yf<^«s«v«L 
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aee-£ated Na+ channel, and voltage-gated Ca^"^ channel (Hypcj) are listed 
Ke n Axniloride ;nalogs that have been commonly used ^^-^ 
in this table, along with their potency, relative to amdonde. m inhibiting 
the ion transporters listed. 

Factors that Influence the iCso pUmiloride and Its Analogs \ 

The IC<n values of amUoride and amilonde analogs are ncit absolute, 
but vary depending on assay conditions A decrease in the ex^^«"^ 
extravesicular) Na"^ concentration results in a decrease m the for the 
Na+ channel Na-^/H^ exchanger, and Na^/Ca^-^ exchanger.^-' f 

Amtlorit and a large number of its analogs (in P-tic^-J^i n^J-^^^^^^ 
analoRS that have been shown to be potent inhibitors of Na-^/Ht exchange) 
Sdrophob^^ substituents and are permeable weak bases. These ami. 
SSe anSogs may collapse pH gradients across membranes and decrease 
rdrivLg f?rc^ for Na^/H* exchange."-*^ Amiloride has also been shown 
S accumulate within cells and may indirectly eff^^ ion tnm^f J« 
inhibition of intraceUular enzymes (such as Py^^^^° l^^^^^^^^f^^^^^^ 
cyclase) which may be involved in the regulation of ion transport proteins 
Jee Enzymes Receptore, and CeUular Mctabohsm, below). i 

The^xtett of inhibition of the sodium channel by ami onde has b^n 
shown to be dependent on the apical plasma membrane Potential Amdor- 
ide interacts with the channel in a manner that is sensitive to the mem- 
brane potential.*^'* 

Epithelial Na^ Channel 

Sodium ion channels are present on the ^P^^ pI^^/^^^^^*!!^^,*?^ 
high-resistance (or "tight") epithelia that transport .'^••^ Jhi^ channd is 
the only ion transporter inhibited by amilonde with an IC50 of le^ than 
1 plM,* In the presence of a physiologic Na^ concentration the ICsot^ 
inhibition of Na- transport is in the range of 0.1 to 0.5 The mwt 

specific inhibitors of the epitheUal Na+ channel are amdonde analogs 
bearing hydrophobic substituents on the tenninal nitrogen atom ot the 



» A. W. Cuthbert and W. K. Shum, Naunyn-Schmiedebergs Arch. PharmakoL 281, 261 

(1974). '' 
'»J.L.KinsellaandP.S.Aionsoo,^m.y./'/jyy/o/. 241, F374( 1981). , j . 

» G. Kaczorowski, M. Garcia. T. Kleyman, and E. J. Cragoe, Jr., unpubhshed obseivauons. 

" W. P. Dubinsky and R. A. Frizzel, Am. J. Physiol. 245, C 1 57 ( 1 983). 

«» L. G. Palmer, /. Membr. Biol. 80, 153 (1984). 

K. L. Hamihon and D. C. Eaton, Am. J. Physiol. 245, C200 (1985). 

•« P. J. BenUy, J. Physiol. (Londort) 195, 317 (1986). 

«• S. Sariban-Sohraby and D. J. Bcnos.^m. / Phystoi. 250, CI 75 (1986). 
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feuanidino moiety, such as the benzyl (benzamil) and phenyl (phf namil) 
Analogs. These analogs inhibit Na+ transport with IC50 values of ^proxi- 
inately 10 nA/.'' " This is more than three orders of magnitude lower than 
ihat reported for inhibition of Na-^/H+ and Na^/Ca^* excnange«, 
iNa-^/K+-ATPase, and Na-^-glucose and Na"^-alanine contranspofters ► • 
j[see the next three sections). 

^a*'/H*' Exchanger 

\ A plasma membrane transporter that exchanges Na+ for HJ in an 
blectroncutral fashion has been described in a variety of cells '^ and is 
iinvolved in regulation of intraceUular pH. Amiloride and its analqgs have 
been used as inhibitors of both Na+/H+ exchange and subsequent events 
khat might be altered through regulation of this transporter. • . 
i The ICso for inhibition of the exchanger by amilonde is 84 AjM in 
biuman neutrophils, and as low as 3 to 7 in other cells/fo This 
variation is Ukely to be due, in part, to differences in the concentratton of 
Na+ used to assay Na+/H+ exchange. A recent study also suggests |hat the 
jNa+ZH*- exchanger present on the basolateral plasma membrane of epithe- 
ilia is more sensitive to S^JV-ethyl-isr-isopropyDamiloride^ai^ is the 
iNa+/H+ exchanger present on the apical plasma membrane.^"* Amilonde 
ianalogs bearing hydrophobic substituents on the 5-amiuo group located on 
ithe pyrazine ring have both the highest activity and specificity; for the 
Na+/H+ exchanger. Several analogs with hydrophilic substituents in this 
position are potent inhibitors of the exchanger.''- When studied in the 
ipresence of a low [Na"^], IQo values less than 100 nMhave been pteerved 
for a number of amiloride analogs.^-^-^o This is 100-fold less than jthe IQo 
^observed with these analogs for inhibition of the epithelial Na+ channel, • 
iNa+/Ca2+ exchanger," Na+,K+-ATPase,2» and Na+-D-glucose, Na+-L- 
jalanine, and Na+-P04'- cotransporters.^' 

1 Amiloride and 5-(Misr^methyl)amiloride are 9 and 100 times more 
potent, respectively, in inhibiting Na+/H+ exchange than in inhibiting 
protein kinase C.^ Amiloride inhibits a number of other kinases \yith IC30 

" A. W. Cuthbert and G. M. Fanelli, Br. J. Pharmacol. 63, 1 39 ( 1 978). 
, J. L. Seifter and P. S. Aronson, /. Clin. Invest. 78, 859 (1986). 
i " L. Simchowtz and E. J. Cragoe, Jr., Mol. Pharmacol. 30, 1 12 (1986).- 
I'o Y. Zhuang, E. J. Cragoe, Jr., T. Shaikewitz, L. Glascr, and D. Cassel, Biochemistry 23, 

i m-^j! G. Haggerty, N. Aigarwal, R. F. Reilly, E. A. Adelberg, and C. W. Slayman, Proc. Nad. 
■ Acad. Set. U.Sji.%S,61Sl(\9%%). J 
2' R. C. Hanis, R. A. Lufburrow HI, E. J. Cragoe, Jr., and J. L. Seifter, Kidney Ir^t. 21, 310 

(abstr.)(1985). ^ , ^ „ ^ L r 

22 J. M. B«sten»an, W. S. May. Jr., H- Le Vine III, E. J. Cragoe. Jr., and P. Cuatrecasas. J. 

Biol. Chem. 260, 1 155 (1985). 
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values similar to that reported for protein kinase C^^ Amiloride inhib^^ 
adenylate cyclase with an IC50 similar to the IQo for inhibition of Na /H 
exchange.^ 

i 
t 

i 

MzVCfl^* Exchanger \ 

The Na+/Ca^"^ exchanger is a reversible electrogenic transporter and is 
inhibited by amiloride with an IC50 of approximately 1 mM'i Although 
proper substituents on either (or both) the 5-amino or the terminal guani- 
dino nitrogen atoms increase the activity of these analogs by up to 100- 
fold, the IC50 is only in the range of 1 0 ptM.^-^ With the exception !of analogs 
with substituents at both sites, this is a considerably greater conbentration 
than is require for inhibition of the epithelial Na+ channel and the Na+/H 
exchanger. Of the amiloride analogs examined, those active ^inst the 
Na+/Ca2+ exchanger are equal or more potent inhibitors of! the Ca 
channcP' (see Table U). | 

Na*:K*--ATPase \ 

The inhibition of the Na+ K+-ATPase by amiloride has beenjstudied in 
intact ceUs, membrane vesicles, and with partially purified Na+,K+-AT- 
Pase.*>'2»-2<'2' The ICso for inhibition of ATPase activity by amilonde is 
greater than 3 mM. Appropriate substitution of the 5-amino jmoiety of 
amiloride decreases the IC50 to as low as 200 /zM.^o 5-(^;Ar-DimpthyI)ami- 
loiide inhibits the Na+,K+-ATPase with an IC50 of 3 xdM, which is four 
orders of magnitude greater than the IC50 for inhibition of N^+/H ex- 
changer.^ The effect of introduction of substituents on the tem^nal nitro- 
gen atom of the guanidino moiety has not been studied except foi benza- 
mil, which has an ICjo of less than 1 mM. 

Na*^-Coupled Solute Transport 

The transport of a number of solutes across the apical plasma mem- 
brane of epitheUa is tightly coupled to Na+ The Na+-D-glucosc, Na+-L- 
alanine, and Na^-PO*'" transporters are inhibited by amiloride at con- 
centrations greater than 1 mM?^^ Benzamil and 5-(iV;iS^Tdimethyl) 

" R. J. Davis and M. P. Czech, /. Biol. Chem. 260, 2543 (1985). 
^ Y. Mahe, F. Garcia-Romeu, and R. Montais, Eur. J. Pharmacol. 116, 199 (19^85). 
*'G.Kaczorowski, persona! communication (1988). j 
" S. P. Soltoff and L. J. Mandell. Science 220, 957 (1983). i 
" E. L. Renner, J. R. Lake, E. J. Cragoe, Jr., and B. F. Scharschmidt, J. Hepatol 6, 1 193 

(1986). i 
»• J. S. Cook, C. Sbaffer, and E. J. Cragoe, Jr., Am. J. FhysM. 253, CI 99 (1987).; 
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iamiloride inhibit the Na+-D-glucose transporter ip ^bbit kidney bmsh 
iborder membranes with an IC^ between 0-5 and 1 mM. Thej IC^ ot 
iamUoride is approximately 2 mM?' The Na^-coupled glucose transporter 
in LLC-PK, cells is inhibited by amiloride analogs beanng hydrpphobic 
isubstituents on the 5-amino moiety or on terminal nittogen ofthp guani- 
Sdino moiety with IC^o values (measured using a low [Na^) betiyeen 0.1 

land 0.3 mAf." , • u u , ^Ik,, ot«; 

! Na-^-dependent L-alanine and PO*'" transporters are mhibitecj by a^- 
iloride at concentrations greater than l mM. Introduction of hydrpphobic 
I groups on the 5-amino moiety or the terminal nitrogen atom of tl^e guam- 
jdino moiety decreases the ICjo.*' 

i ; 

\ Voltage-Gated Na^ /Channel \ 
' A voltage-gated Na+-selective ion channel is present in electrically 
1 excitable cells. Amiloride inhibits this channel in both synaptosopes and 
Ihe^ rnembrane vesicles with an IC«, of 600 /^-^Amilondei analogs 
i bearing hydrophobic substituents on the 5-amino moiety or the terminal 

■ nitrogen of the guanidino moiety have lower IC50 values [6 fiM for 5-(iV- 
! ethyl-iV-isopropyDamiloride and 37 //Mfor benzamil]. Amilonde pd ana- 
: logs with hydrophobic substituents on the 5-amino moiety and terminal 
\ SSogen atom of the guanidino moiety inhibit [3H]batrachotoxmtA 20^- 
I benzoate and ['HJtetracaine binding to the channel. 

i : 

1 Voltage-Gated Ca^"^ Channels j 
I Amiloride and 3%4'-dicblorobenzamil inhibit L-type, N-type| and T- 
itype voltage-gated Ca^^ channels."^-'^ Amiloride binds to ^P}-*ype 
\ Ca2+ channel with an IC50 of 90 m^. Amiloride analogs beanng h^fdropho- 
ibic substituents on the 5-amino moiety or the terminal nitrogen of ^c 
i guanidino moiety have IQo values 5- to 75-fold lower than amUpade^^-^ 

■ (Table II). Amiloride analogs bind to a cation-binding site in the pore 01 
i the Ca2+ channel and allostcricaUy alter binding of dihydropyndines, aral- 
I kylamines, and benzothiazcpines.'' 

I ' i 

I » J. VeUy, M. Grima, N. Decker. E. J. Cragoe, Jr., and J. Schwartz. Eur. J. Physiol 149, 97 
(1988) 

i » C-M. Tang. F. Presser, and M. Morad, Science 240. 21 3 ( 1988). ; 

i 3' G Suarez-Kuru and G. Kaczorowskd. /. Pharmacol. Exp. Ther. 247, 248 (1988). 

i M P. Feigenbaum, M. L. Garcia, and G. Kaczorowsld, Biochem. Biophys. Res. Conimun. 154, 

3' M^L^oida, V. F. King. J. L. ShevcU. R. S. Slaughter. G. Suarez-Kurtz. R. Winquist. 

and G. J. Kflczorowski, J. Biol. Chem. 265. 3763 (1990). ! 
»* D. R. Bielefeld. R. W. Hadlcy. P. M. VassUev. and J. R. Hume. Ore. Res. 5% 3.81 (1986). 
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Channel 

y 4'.Dichlorobenzamil inhibits the delayed rectifier K"^ channel in 
intact frog atrial myocytes with 30 to 40% inhibition of the K+ client at a 
concentration of 5 piM?* 

Nicotine Acetylcholine Receptor 

Amiloride inhibits the nicotinic acetylchoUne receptor isolate from 
Torpedo. The ICj© is approximately 100 fiM?^ 

Enzymes, Receptors, and CeUular Metabolism 
Protein Kinases 

Amiloride inhibits a number of protein kinases, including tj^pe I and 
type II cAMP-dependent protein kinases,^* protein kinase C," an^ protein 
kinase activity associated with the insulin receptor, epidennal grpwm tac- 
tor (EGF) receptor, and the platelet-derived growth factor receptor. The 
IC50 for inhibition of EGF receptor protein kinase is 350 //A/. AniJonde 
inhibits types I and U cAMF-dependent protein kinases with an IC50 ot 
approximately 1 mJl/.^ Both amiloride and 5-(XiN^-dimethyl)amilonde 

• inhibit purified protein kinase C with an IC^ of approximately; 1 mM. 
The inhibition of protein kinase activity associated with the EGI1 receptor 

i is competitive with ATP, suggesting that amiloride binds to an AJP-bmd- 

: ing site. Amiloride is a noncompetitive inhibitor of substrate |(histonc) 

I phosphorylation.^' 

I Adenylate Cyclase \ 

' The generation of cAMP in fish erythrocytes is inhibited by amiloride 

in a dose-dependent manner, with an IC^ of (>jiM?* The effect cjf amilor- 

ide analogs in this system have not been examined. 

i 

a- and fi-Adrenergic Receptors \ 

Amiloride is a competitive inhibitor of ['HJprazocin binding to a, 
receptors in membrane vesicles from rat renal cortex or bovine carotid 
artery with an ICjo of 24 to 33 nM?''^* Amiloride is also a cotnpetitive 

A. Karlin. personal communication ( 1 986). 
Ks R. K. Ralph, J. Smart, S. M. Wojcik. and J. McQuillan, Biochem. Biophys. Res, Commun. 
104, 1054(1982). 

3' M. J. Howard, M. D. Mullen, and P. A. Insel, Am. J. Physiol 253, F2I (1987).| 
" R. C. Bballa and R. V. Sbanna, J. Cardiovasc. Pharmacot. 8, 927 ( 1 986). 
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^inhibitor of pHlrauwolscine binding to receptors and (>«I]iodf)cyano- 
ipindolol binding to ^-adrenergic receptors in rat renal cortical membranes 
iwith ICjo values of 14 and 84 /iM, respectively.'' Both benzamil and 
^5.(isr-ethyl-7\r-isopropyl)amiloride are between 2- to 25-fold moxj potent 
ithan amiloride in inhibiting specific ligand binding to a,-, "r. P'^^' 
inergic receptors. 

Utrial Natriuretic Factor (ANF) Receptor 

\ ANF is a peptide hormone secreted by atrial myocytes and whiph binds 
ko specific cell surface receptors. Recent studies have shown that 
ibinds to both low- and high-affinity receptors, and that aimlonde 
klOO uM) increases the number of high-affinity sites in membraines ob- 
■tained from adrenal zona glomerulosa.^' This change in *e nuinbcr of 
jbinding sites is associated with a conformational change in the 1 jo^wu-i^a 
ireceptor. 

guanine Nucleotide Regulatory Proteins \ 
^ Pertussis toxin catalyzed ADP libosylation of tl»e guaninf nufcleoti^ 
regulatory proteins G„ and G, and is inhibited by 10- ^ amilonde Ami- 
loride did not inhibit cholera toxin-catalyzed ADP nbosylation of p.. 
i i 
^Muscarinic Acetyidcholine Receptor 

\ Amiloride inhibits amylase secretion induced by carbachol with an ICj© 
iof 40 Ca2+ efflux induced by carbachol with an IC50 of 80 fiM, and is 
la competitive inhibitor of ['HJquinuclidinyl benzylate binding to the mus- 
Icarinic acetylcholine receptor."" 

i I 

Ijnhibition of Cellular Metabolism \ 
i Several amiloride analogs with substituents on the 5-amino moiety (at 
^concentrations > 30 /iM) deplete intraceUular levels of ATP.^O''*^ >vhcrea5 
amiloride and 5-(MiV^methyl)amiloride at concentrations of 2 mil/ had 
Ino effect.20 The depletion of mtraceUular ATP levels may be due 11? part to 
iinhibition of oxidative phosphorylation- Amiloride analogs bearing hydro- 
jphobic substituents on the 5-aDaino moiety inhibit O2 consumption m 

i i 
i» S. Meloche, H. Ong, and A. Dc L6an, /. Biol. Chem. 262, 10252 (1987). 

M. B. Anand-Srivastava, /. Biol. Chem. 264, 9491 (1989). \ . 

?•« G. A. J. Kuijpeis, J. DePont, I. van Nooy, A. neuien-Jakobs, S. Bonting, and J. ^odngues 
I de Miranda, Biochim. Biophys. Acta 804, 237 ( 1 984). i 
!*» S. P. Solwflf, E. J. Cragoe, Jr., and L. J. Mandcl,.4m. J. Physiol. 250, C744 (198^. 
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carbonyl cyanide ;;-(trifluoro raethoxy)-phenylhydrazone (FiCCP)-treated 
renal proximal tubular ceUs in suspension with ICjo values of 250 to 
500 iuAf. The IC30 for amiloride is greater than I mM. 

Others 

Amiloride is a noncompetitive inhibitor of acetylchclin^tcrasc, with 
an IC50 in the range of 20 to 60 fiM,*^ and is a noncompetitive inhibitor of 
rat and human renal kallekrein with an IC30 in the 85 to 230 //Af range.** 
Amiloride is a competitive inhibitor of monoamine oxidase jactivity mea- 
sure in rat brain homogenate*' Amiloride inhibits urokinase-type plas- 
minogen activator with an IC50 7 /zAf.** Amiloride docs not ^nhibit tissue- 
type plasminogen activator. 

DNA, RNA, and Protein Synthesis 

DMA and RNA Synthesis 

Amiloride inhibits growth factor-induced DNA, RNA, land protein 
synthesis.'-*^ The effect of amiloride on DNA and RNA synthesis may be 
indirect. Lowering the extracellular Na+ concentration inhibits DNA and 
RNA synthesis, suggesting that entry of Na+ into cells may be a require- 
ment for these events. In addition, amiloride analogs inhibit DNA replica- 
tion with IC50 values similar to that observed for inhibition of Na+/H+ 
exchange."' Amiloride may also have a direct inhibitory effect DNA and 
RNA synthesis. Amiloride and several of its analogs have been shown to 
intercalate into DNA and to inhibit DNA topoisomerase 11.*^ 

I 

j 

Protein Synthesis \ 

Amiloride inhibits protein synthesis, as measured by incorporation of 
radiolabeled amino acids into proteins in both intact cells land cell-free 
reticulocyte lysate^^-*'-**'^ with an IC50 between 100 and 400 /itA/. The IC50 
varies with the cell type studied. The IC50 for inhibition of; synthesis of 
individual proteins may also vary.*' Amiloride lowers both the initial rate 

« D. Danneobaum and K. Rosenheck, Biophys. J. 49, 370a (abstr.) (1986). i 
*^ H. S. MarBoUus and J. Chao, /. Clin. Invest. 65, 1 343 ( 1 980). 
« V. Palaty. Can. J. Physiol. Pharmacol. 63, 1586 (1985). 

J.-D. Vassalli and D. BeUn, FEBS Lett. 214, 1 87 ( 1 987). 
*' K. S. Koch and H. L. Uffert, Cell (Cambridge. Mass.) 18, 1 53 (1979). i 
«• J. M. Bestennan, L. P. Elwell, E. J. Cragoe, Jr., C. W. Andrews, and M. Cory. /. Bid. 

CAem. 265, 2324 (1989). 
*' H. L. Leffen, K. S. Koch, M. Fehlmann, W. Heiser, P. J. Lad. and H. Skelly. Biochem. 

Biophys. Res. Commun. 108, 738 (1982). 

M. Lubin, F. Cahn, and B. A. Countcnnarsh, J. Cell. Physiol. 113, 247 (1982). 
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6f incorporation of [^'S]methionine as well as plateau levels of pS]inethio- 
mnc-labeled proteins/' In cell-free syistems, amiloride analogs bearing hy- 
drophobic substituents on the 5-amino moiety have similar IC50 vajues for 
inhibition of protein synthesis. However, in intact cells the IC50 <if these 
analogs varies over 25-fold, suggesting that amiloride analogs mayiinhibit 
protein synthesis in intact cells indirectly through inhibition of ion trans- 
port.2* The mechanism by which amiloride directly inhibits protein synthe- 
sis in cell-free systems is unclear. 



^miloride and Amiloride Analogs as Probes for Characterizinij 
I Transport Proteins 

i ; 
Solubility Characteristics 

I Amiloride and many of its analogs are soluble in aqueous solutions at 
concentrations less than 1 to 10 mM. Stock solutions of most aniiloride 
Analogs may be made in dimethyl sulfoxide (DMSO) at concentra^ons of 
i M. We generally store stock solutions at 10"^ M protected from light at 
f20'. 

Absorption and Fluorescence Characteristics 

Three major absorption peaks have been observed for amiloriiie and 
sieveral analogs at approximately 360 to 370 nm, 265 to 290 nm, ani215 to 
is 5 nm. Extinction coeflficients at these wavelengths arc in the rdnge of 
10,000 to 25,000 AT"* cm"*. The absorption peaks are broad anld vary 
Rightly among the different analogs and with the solvent system used* 
>j^miloride analogs are highly fluorescent aromatic compounds. Aniiloride 
has excitation maxima at 286 and 360 nm, and an emission maxinium at 
4 1 0 to 4 1 5 nm.^ The fluorescence and absorption properties of the analogs 
rpay interfere with techniques which utilize fluorescent probes to nieasure 
ihtracellular pH and intracellular Ca^"*". Amiloride may quench the fluores- 
cjence of both acridine orange and carboxyfluorescein, probes which have 
lieen used to measure intravesicular and intracellular pH. The absorption 
peak of amiloride at 360 nm may interfere with the absorption of quin2 
(excitation at 342 nm) and Fura-2 (excitation at 340 and 380 nm), probes 
which have been used to measure intracellular calcium ions* 



Intracellular Accumulation 

Several studies have shown that amiloride accumulates withiiji cells. 
Amiloride an its analogs may diffuse or be transported across membranes. 
Amiloride has been shown to be transported across the plasma mei^ibrane 
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(if hepatocytes and reach an intraceUular concentration 10-fold greater 
than the extracellular concentration assuming that cellular am;Uonde 
was free in solution and not bound to lipid or compartmentalized. AmUor- 
ide accumulates within frog skin epithelial cells" and within A431 c^lls" at 
iiitracellular concentrations greater than the extracellular concentjrauon. 
Amiloride diffuses across red blood cell and neutrophil plasma membranes 
with a permeability coefficient of approximately 10 ' cm -sec" In 
lieutrophils 75% of the intraceUular amiloride was considered to bei m the 
lysosomal compartment." In other cell types, the extent to which iritracel- 
liilar amiloride is compartmentalized is uncertain. 

kadiolabeled Amiloride Analogs 

\ Amiloride has been synthesized with a specific activity of 54 mCi/ 

ikmol by the reaction of (>'*Clguanidine with methyl 3,5-diamino-6-chlor- 
cipyrazinecarboxylate.* This procedure has been used to synthesiz^ other 
[i"C)-labeled analogs. i , 

I A number of tritium-labeled amiloride analogs have been synthesized, 
ihcluding [phenyl-3H]phenamil, [benzyPH]benzamU,^ and [benzyPH]- 
6-bromobcn2amil, with specific activities between 2 and 21 Ci/mmol. 
These analogs have been synthesized by the reaction of l-methyl-2-^3,5-di- 
amino-6-chloropyrazinoyl) pseudothiourium iodide or its 6-Br anal^jg with 
C'Hlaniline or [^Hlbenzylamine.-* " 6-[methyl-3H]Bromomethylamiloride 
Ijias been synthesized by the reaction of bromoamiloride with ['HJCHjI 
>yith a specific activity of 1 Ci/mmol.^ The methyl group is attache^ to the 
^uanidino nitrogen atom adjacent to the carbonyl moiety. Both 5-([7V- 
ethyl-iV-'H]propyl)amiloride and 5-([iV:-methyl-^^-3H]isobutyl)amilondc 
^lave been synthesized with specific activities of 2 and 28 Ci/mmol, [respec- 
tively. I 
I 6-["5I]Iodoamiloridc and a number of 6-[>2'I]iodoaniilonde analogs 
iave been synthesized by reacting 6-H amiloride analogs with "TO.^ A 

I \ 

^» J. V. Briggman, J. S. Graves, S. S. Spicer, and E. J. Cragoe, Jr^ HistochenL J\ 15, 239 

i (1983). I 
* D. J. Benos, J. Reyes, and D. G. Shoemaker, Biochim. Biophys. Acta 734, 99 (1983). 
^ L. Simchowitz, O. W. Wolteredorf; Jr., and E. J. Cragoe, Jr., 7. Biol Chem. 2$2, 15875 

I (1987). 1 
^ A. W, Cuthbert and J. M. Edwardson, /. Pharm, Pharmacol 31, 382 (1979). 
^ E. J. Cragoe, Jr., O. W. Woltendorf, Jr., and S. J. deSoIms, U.S. patent 4,246,406 (1981). 
f K. Lazorick, C. MiUer, S. Sariban-Sohraby, and D, Benos. J. Membr. Biol 86, 69| (1985). 
p. Vigne, C. Frclin, M. Audinot, M. Borsotio, E. J. Cragoe, Jr., and M. Lazdunski, EMBO 

\ /. 3, 2647 (1984). ; 
? 5-(iV:Methyl-M3H-isobutyl)amiloride was prepared by New England Nuclear byjthe cata- 

! lytic tritiation of 5.(JV-meihyl-JV'-(2-niethylallyl)anuloride. 

^ D. Cassel, M, Rotman, E. J. Cragoe. Jr., and P. Igarashi, Anal. Biochem. 170, 63 (1988). 
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hew amiloridc analog bearing a 4'-hydroxyphenethyl moiety may also 
prove useful in synthesis of radioiodinated amUonde analogs. 

j ' \ 

finding Assays Using Radiolabeled Amiloride Analogs 
\ Several recent studies have used radiolabeled amiloride anajogs to 
identify and characterize binding sites of amiloride analogs m plasma 
Sembranes or microsomal membranes derived from ceUs known to have 
amiloride-sensitive transporters. Analogs beamig substituents onjOje 5- 
imino group, including 5K[A^-methyl.iSr.3H]isobutyl)amdonde an4 5^^^^ 
ithyl-APHlpropyl)amiloride have been used to characterize bmd^ng to 
^putative nV^/H* exchanger ^BenzamU, mphenamU. and 
6-PHlbromomethylamaoride have been used to characterize bmdmg to 
1.1 eJhheUal Na* channel and to follow the channel dunng soJub|hzation 
ind purification."-^* Methods for assaying the bmding of amilonde ana- 
ijogs to membranes and to detergent-solubilized protems are outhned 

^^Iquilibrium Dialysis. Binding of [^Hlbenzamil to the epitihelial Na* 
(ihannel in renal cortical microsomal membijnes is measure by equdxt^ 
tium dialysis with M, 12,000- 14.000 M, cutoff dialysis tubing. Membrane 
Licles (Approximately 250 /ig of protein) in a phosphate buffer and 
pHlbenzamil are placed in dialysis tubing, which « t^en placed in at^ 
tube with 7.5 ml of buffer containing the same concentraUon of [ H]bcn- 
iamil. The tubes are stirred on a flat-bed rotary mixer ^J^^ hr a^ > by 
Which time equiUbrium is achieved. Ahquots are removed froin the 0i^ysis 
bag and dialysated and counted. Protein determinations on ahquo^ from 
the dialysis bag are performed. Nonspecific binding is dctcrmm^ m p^- 
lei experiment in which 1 /^M unlabeled benzamU is added to th^ micro- 

t°™^.^" Measurement of the binding of [^]benzimil to 
inembrane vesicles may also be performed usirig filtration to Separate 
bound from free drug. Glass fiber filters have been used to bpd the 

i« S. J. Dixon, S. Cohen. E. J. Cragoe. Jr., and S. Grinstcin, /. Gen. Physiol 88. l?a (abstr.) 

ii* T^R ^KJeyman. T. Yulo. C. Asbbaugh. D. Landiy, E. Cragoe. Jr.. A. Kariiij. and Q. 

I Al-Awqati. J. Biol. Chem. 261, 2839 (1986) _ \ 

!« A. W. Cuthbert and J. M. Edwardson, Biochem. Pharmacol. 30, Ul 5 (1981). i 

k T. Kleyman. T. Yulo. E. J. Cragoe, Jr., and Q. Al-Awqati, Kidney Int. 29, 400 (abstr.) 

P. bX. O. Chassande, P. Vigne, C. FreUn. C Ellory. E. J. Cragoe, Jr.. and M. l^azdunski, 
i /ycic.iVa//.W5ci.C/.5..4. 84, 4836 (1987). 

f» S. Sariban-Sohraby and D. J. Benos, Biochemistry 25, 4639 (1986). i 

;»* D. J. Benos, G. Saccomani. B. M. Bicnncr, and S. Sariban-Sohraby. Proc. M Acad. Sa. 

i £7.5.^.83,8525(1986)- 
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^ vesicles with minimal nonspecific trapping of the drug on the filter paper. 
^ S^ell^oseTd cellulose ^etate filter paper should not be used| as there 
\ h SSSe nonspecific trapping of the radiolabeled amUondp analog 

i '''' "^apUGel Filtration The binding of PHlbenzamil to the pma- 

\ tive Na+ channel using detergent-solubilized membrane proteins ,s m^- 
i sured by a rapid gel filtration assay. Sephadex ^-25 (fine grade) ^^^^^^ 

with water and washed with buffer used for solubUizaUon (200i su- 
■ CTOse f mAf EGTA, and 10 mM Tris-Q. pH 8.0, with the addi ion of 
1 proSisel^bltors)/ A saturating concentration of [^H]benzaiml (fina^ 
i concentration = 50 aM) is added to solubi^ed proteins (tota^ -glTha^ 

200 u\) and incubated on ice for > 10 min, by which ume equibl^um h^ 
; been achieved. The mixture is placed over a 1.5-ml col"«^«V»f^^ .^-ml 
i plastic syringe (using Whatman grade I filter pai^r supPort>^^^^^ 
! suspended in a plastic test tube, and then spun at 500^ for 30 sw; (the 
\ speed and duration of the spin must be optimized). The eluate i^ weired 
: to determine the total volume and aliquots arc removed for counting and 
\ for protein determination. In paiaUel / 5^°? .^^^^f 

i the incubation mixture to determine nonspcafic binding (see alsp Refs. 64 

iand6S). 



Photoaffinity Labels \ 

Two major pbotoreactive groups, arylhaUdes and aromatic ethers, have 
been used in the development of photoactive amUoride analogs. Photolysis 
of 6-bromo, 6-iodo, or 6-chloro analogs of amiloridc can Ic^d to tne 
formation of a free radical, and subsequent covalent incorporation mto 
adjacent proteins. This approach has been used to identify putative sub- 
uiits of the epitiieUal Na+ channel, using 6-[3H]bromobenzamil and 
6-[3H]bromometiiylamiloridc as pbotoreactive amilonde analogs that bind 
' to the Na+ channel with both high affinity and specificity." *' Amilonde 
i and 6-bromobenzamil have a major absorption peak at 360 rnn, and we 
i have used this wavelength of Ught to photoactivate e-bromobcpzamU. 
i 5-(iV-Ethyl-ivr-isopropyl)-6-[*'*C]bromoamiloride has been used tojlabel the 

1 Na"*'/H'^ exchanger.** . i , 

Aromatic ethers have been shown to undergo photoactiva;tion and 
i photoincorporation into proteins by the mechanism of aromatic nucleo- 
i phiUc photosubstitution,** Pbotoreactive amUoridc analogs have |)een syn- 

\ «^ D J. Benos, G. Saccomani, and S. Sariban-Sohraby, /. Biol, Chem. 262. 3 (1987). 
! « T. Friedrich, J. Sablotni, and G. Burckhardt, /. Membr. Biol. 94, 253 (1986). ^ 
i «J.CornelisseaBdE.Haviiiea,C/«em.Jl*v. 75, 353(1975). 
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thesized with a 2'-methoxy-5'-nitrobenzyl moiety located either jon the 
terminal nitrogen atom of the guanidino moiety or on the 5-ammo moiety 
(which also bears an ethyl group). These drugs undergo photoactavation 
With 3 1 3-nm wavelength Ught 2'-Methoxy-5'-nitrobenzamil has been »sed 
io photolabel and identify the amiloride-binding subumt of the epithehal 
iMa-^channel^o An analog with the photoreactive group on the Sramino 
inoiety has been used to label the Na+/H+ exchanger.'' AnU-ai^ilonde 
Antibodies were used to detect these photolabels after photomcorppration 
into the channel or exchanger.'"-^ Radioactive counterparts of thc;se ana- 
logs have recently been synthesized.^'-'^ ^ .1^ 

\ Methods for Photoaffinity Labeling the Binding Sues of Amiloride Ana- 
logs Sodium ion channel-containing microsomes (150/ig/ml) are preequi- 
iibrated for 1 hr in a phosphate buffer containing protease inhibitors and 
20 nM 6-r'H]bromobcnzamil (the concentration of the photolabel wUi 
depend on the affinity of the amiloride analog for the particular tran- 
sporter) and then gassed for 5 min with N^. The vesicl^are pho^olyzed 
ivith a 50-W high-pressure mercury arc lamp with 300-400 band pass and 
345 long pass filters. The solution is constantly stirred, cooled m ^ water 
jacket to 4', and the surface gassed with Nj. The vesicles are initially 
bhotolyzed for varying times to determine the optimal duration of| photo- 
lysis by measuring photoincorporation of tritium into trichloroacetic acid- 
precipitible protein. To identify labeled proteins foUowing photolysis the 
inicrosomes arc collected by centrifugation an then analyzed by SDb- 
PAGE and autofluorography. PhotolabeUng with 2'-methoxy-5'-mtroben- 
iamil is performed under simUar conditions using a 313-nm nanonv band 
pass filter. 

■j i 

Affinity Matrices 

i Amiloride has been coupled to support matrices through either the 
iterminal nitrogen atom of the guanidino moiety or through the S-ainino 
group of the pyrazine ring. Three separate methods have been iused to 
bouple amiloride to a matrix through the guanidino moiety. One piethod 
lhas been used to couple through the 5-amino moiety. 

Amiloride has been coupled directly to cyanogen bromide-a^tivated 
iSepharose." Alternatively, a reactive amiloride precursor, l-mcthyl-2- 

^» T R, KJeyman, E. J. Cragoe, Jr.. and J. P. Kiaehenbuhl, /. Biol. Chem. 264, 1 19^5 (1989). 
" D. Wamock, T. Kleyman. and E. J. Cragoe, Jr., FASEB J. 2, A753 (abstr.) (198f). ^ 
T. R. Kleyman, R. FajagopaJan, E. J. Cragoe, Jr.. B. F. Eiiangcr, and Q. Al-Awq^, Am. J. 
Physiol. 250, C165 (1986). 
" T. R. Kleyman, unpublished observations. 
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to react with »"»»"°''"^*-l'P'^aori^<iupIed to Sepharpse through 

(triethylaToine). The Pj^fr."^ of an a^Uoride analog 

a six-caibon spacer ann. ^ ""—''i-ai guanidino nitrogen atoiii 
bearing a S'-caitoxypentyl group on the to^iD^gu^^ courfed to albu- 

ss^thesized using isobutyl ^"^^ ^ „eSol^ should be 
min. CoupUng to »™!'0'>.^'''''^^^„L^ subsequently 
straightforward. The ~Sy purify adti-amilodde 

pled to Sepharose. and has "f^^ , V[W-isofhiocyanato- 

pharose.'*" 

Anti-Amiloride Antibodies [ .^:„,i 

An amUoride analog b««ng ^i^^Se iT^upX 
mtrogen of the acylguanidino mo.^ A^^^tdTlO mo? ^ amUoride 
by gSieration of a mixed anhydnde. ^P^"^^^ ^ ^bumin was 
wL bound/mol of albumm. ^^^''^^Zuc^^i^b.^f^ay 
used to raise anti-amUorKle »"';?t'»^^b^''^rlumini affinity col- 
affinity purified „ ^Sumta as an imniunogen and 

to albumin and used to reuse »°»-^T'°"^^''Z^lgua^dino group or 
nize distinct epitopes on amUonde. 

i 
i 

Summary * *.^f-f 

have reviewed the pharmacology of mhibiuonoltnesep ^ 

's T R Kleyman. J. P. Kraehenbuhl, B. C Rossier, fc. J- ^ragoc. 

Am. J. Physiol. 257. C1135 (1989). Kiaehenbuhl. 35, 160 

" T. R. Kleyman, B, Rossier, B. r. uianger, 

(absir.)(1989). 
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Iciride an its analogs, as well as the use of amUoride analogs as potential 
p^bes for the characterization of ion transport systems. 

; 
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[431 Photoaffinity-Labeling Analogs of Plilx>rizi4and 
phloretin: Synthesis and Effects on CeU Membranes 

I ^ Donald F DiEDRicH 

I * 

t i 
i 1 

Introduction* 

I The inhibitory effects of the glucoside phlorizin (I, Fig. 1) ^nd ite 
iglycone. phloretin (lA. Fig: 1), on the sugar transport ^Vf^^^^^ 
^f ceU types have been examined by many worken; The Na ^oupled^ 
tgluco^transporter in renal and intestinal bmsh border ^thd^ 
LmbLes is especiaUy sensitive to phlorizin at low micromolar levek 
S Sloretin is almost inactive. This vulnerability to the glycoside dis- 
Inguishcs^ie brush border system from the Na^-independent equdibr^ 
W sugar transporter in the basolateral membrane of these ceUs; thp latter 
Sb^ the erythrocyte transporter in being inhibited « low micrpmo^ 
levels of phloretin (by a stricdy compeutive mechanism), but ^ot the 
Side Xh is at least 100 times less potent. This is somewhat puzzbng 
Sne inSvely might think that phlorizin's glucosidic moie^l?»ouW 
dompete for the sugar-binding site on both ^"P^^^X^^^^J^ 
the receptor site of the equilibrating system possesses a high-affimty|mhibi- 
iory site for phloretin, the ^-glucosidic group of phlorizin either prevents 
the binding or negates the inhibitory effect of the aglycone moiety. Con- 
! i 

! Abbreviations include p-AmBPht and /^AzBPht O^aminoben^l P^;^?.^^^^^ 
Seiylphloretin. n«pectively). i^AmBPhz ^^rr^^^^''^'^:^''^^^ "jiS 
■ azidobenzylphlorizin, respectively); TLC, thin-layer chromatography. BBMA(. brusB 
i SX^Srane v^cles!^S-PAGE. sodium dodecyl sulfete-polyaaylamKle|gel eleo 

! I 

Cbpyiighi © I W by Academic P re«, tec . 
igbts of rppfoduction in any ftjnn focfveo. 
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The bistorical developmem of the cett death con- 
cept jfs reviewed, tuttb special attention to the ori- 
gin 6/ the terms necrosis, coagulation necrosis, 
autofysis, physiological ceU death, programmed 
ceU keath, cbromatofysis (the first name of ap- 
optJsiS in 1914), haryorhexis, haryoiysis, and 
cett iuicide, ofu/hicb there are three forms: by 
fyso9<mes, by fmee radicals, and by a genetic 
mechanism (apoptosis). Some of the typical fea- 
tares of apoptosis are discussed, such as bud" 
ding\(as opposed to blebbing and seiosis) €Md the 
inflammatory response. For ceU death not by ap- 
opt^is the most satisfactory term is accidental 
cett keatb. Necrosis is commonfy used but it is not 
appropriate, because it does not indicate a form 
ofceU death but r^ers to changes secondary to 
ceil Ueath by arry mechanism, including apopto- 
sis. Abundant data are available on one form of 
accidental cett €ieath, namely ischemic cett death, 
whiih can be considered an entity of its own, 
caused by failure of the ionic pumps of the 
plasfna membrane. Because ischemic ceU death 
(in known models) is accompanied by sutelling, 
the name tmcosis is proposed for this condition^ 
Tbe\term oncosis (derived firom 6nhos, meaning 
suteUing) ufas proposed in 19iO by von ReckUng' 
hat^sen preirisefy to mean c^B death with sufetting. 
Otichsis leads to necrosis with haryoiysis 
and\stands in contrast to apoptosis, which leads 
to necrosis with karyorhexis and cett shrink' 
age^l (AmJPath<ai99^146:S^5) 
j 

Knojwledge in the field of cell death has greatly in- 
creased during the past 20 years or so. In the course 



of this rapid advance, new concepts, such as apop- 
tosis. appeared on the scene, and ancient lernr^s such 
as necrosis came to be used in a nejwv context. In- 
evitably, some conceptual and sennariiic strains de- 
veloped; a recent reviewer saw fit to iconclude that 
"there is no field of basic cell biology and cell pa- 
thology that is mcire confusing and morp unintelligible 
than is the area of apoptosis versus riecrosisV The 
purpose of this paper is to offer a critical and, we 
hope, constructive overview of the terms and con- 
cepts related to cell death. 

It will be useful to begin by tracing the nr^in steps 
that led us to where we now stand. 



Development of the Cell Death Concept 

The fact that cells can perish is discussed in Lecture 
XV of Virchow's Cellular Pathology ar^r^ong "passive 
processes and degenerations."^ Understandably, no 
microscopic description of cell death 'fs included, as 
histological stains were not used in 1 858. Thus, topics 
related to cell death are treated in this lecture at a 
gross level, under names such as degeneration, soft- 
ening, necrosis, and mortification, which was synony- 
mous with gangrene. For our present purposes it is 
relevant to note that Virchow uses necrosis to mean 
an advanced stage of tissue breakdown, similar to 
what we would now call gangrene: in necrosis we 
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coficeive the mortified [gangrenous] part to be pre- 
seryed more or less in its external form" (p. 358). This 
hacl been the traditional usage of the term necrosis. 
00^ only in the textbook of VirchoWs teacher Rokiian- 
skv|® but also, as necrosis, in ancient Greek texts at 
leajst since Galen * 

Virchow's Lecture XV also creates a special cat- 
egbry of regressive processes under the name necro- 
biojsis, a term he borrowed from a contemporary au- 
thor, K. H. Schultz. Included among the necroblotic 
prcicesses. for example, were the "softenings." 
Nelcrobiosis is thus defined, perhaps, to fit the model 
of brain softening: "The part vanishes, so that we can 
nohonger perceive it in its previous form. We have no 
necrosed fragment at the end of the process." A foot- 
note extends the definition (emphasis original): 
"Necrobiosis is death brought on by (altered) fife - a 
spjDntaneous wearing out of living parts - the desiruc- 
tioh and annihilation consequent upon life - natural as 
orioosed to violent death (mortification)." The use of 
necrobiosis throughout VtrchoWs book and later in- 
dicates that this term was sometimes meant to imply 
also "slow death- or "death of tissues within the living 
bddy." Needless lo say. necrobiosis was a vague and 
ar{ibiguous term. After a long career It is finally dis- 
appearing. Another term from Virchow's Lecture XV 
that needs rethinking is degeneration. Virchow's ''faiiy 
degeneration" still clings on*: it should be banished, 
because cells can die but certainly cannot degener- 
ate into something else. In our opinion, there are few 
d4tensible uses of this term in general pathology; we 
can think of two: for the breakdown of axons, as in 
Wallerian degeneration, and for the breakdown of car- 
tilage matrix in degenerative osteoarthritis. 

|The next step, around 1877. was the identification 
ofi coagulation necrosis by Carl Weigert and Julius 
Cbhnheim. Today this term evokes a rather obvious 
and noncontroversial lesion, mainly the white infarct, 
b^t this was not true in the beginning, when it applied 
tola condition that in our view has virtually nothing to 
d6 with coagulation necrosis. 

! When Carl Weigert (1846-1904) was training under 
Vi|-chow, diphtheria was a common cause of death, as 
the vaccine was not available before 1 880. Diphtheria 
causes necrosis of the tracheobronchial epithelium, 
which becomes impregnated with fibrin and leuko- 
c^es and tends to slough off as a leathery, whitish 
pseudomembrane {diphth^ra is Greek for tanned 
hi^de). Weigert. who was especially interested in fibrin 
(Witness the fibrin stain of his name), became im- 
pressed by this combination of epithelial necrosis and 
fibrin.^® He held the current view that dead leuko- 
c^es cause fibrinogen to coagulate and proposed 
ttiat the same mechanism that produced the diph- 
i 



iheritic pseudomembrane was at >Aflork also in pro- 
ducing what we now call white infarbts. He even re- 
ferred to the typical wedge-shaped white infarcts as 
fibrin wedges (Fifb«nke//e).® Julius Cofinheim, another 
disciple of Virchow, accepted this jview and intro- 
duced, in the 1877 edition of his teitbook, the term 
coagulation necrosis.'*^ Soon the iibnn component 
was found to be unrelated to the cpagulation of the 
tissue^'; today Weigerfs concept isurvives only in 
what we call fibrinous necrosis. Ho\jvever, an impor- 
tant byproduct of Weigen's studies vyas the observa- 
tion that necrotic cells lose their nuclei,* 

The role of protein denaturatlon i'p the genesis of 
coagulation necrosis was vaguely hinted in 
Cohnheim's textbook'^: it could notj escape the pa- 
thologists' attention that necrotic li^ue looked like 
"coagulated albumen.-^^ lnierestlng[ly, the notion that 
protein denaturatton may participaiejin cell death was 
first proposed in 1886 by a botanist. |G. Berthold.''^ ''* 
This is just one of the many contritbutions made by 
plant pathology to animal pathologiy. the latest one 
being the telrazolium method for detecting dead tis- 
sue on gross specimens, originally Used by botanists 
for identifying nonviable seeds (reviewed in reference 

IS). \ 

Weigert^ notion of coagulation ^\ecrosis had the 
virtue of triggering, after 1880. many experimental 
studies on cell death.'* produced by ligating the renal 
artery, by maintaining tissue fragments septically or 
aseptically in vitro,^' or by introducjng them into the 
peritoneal cavity of experimental anlmals.^^ Much of 
the present terminology of cell death, besides coagu- 
lation necrosis, stems from that era. Autolysis was 
proposed in 1900. although the coipcept was known 
earlier/3-'^-'® Pyknosis was in us4 around 1890.^® 
Karyolysis and karyorhexis were prpposed in 1879^ 
by Edwin Klebs of Klebsiella fame (he spelled his 
Karyorhexis right, but the erroneous; Karyon-hexis ap- 
peared in the title of an 80-page paper In 1890'^ and 
has lasted ever since). Chromatin mjargination (Rand- 
stellung) was described in 1890.'^ jSome terms born 
in those days changed meaning. $uch as chroma- 
tolysis (1885).^' and others disappeared, such as 
plasmarhexis.*', chromatopyknosi^. and deconstitu- 
tion.^2 

Spontaneous cell death as a physiological event 
' was discussed almost as soon ajs stains became 
available. It was born with a bang injlSSS in a paper^^ 
by the same Walther Remming whojcreated the terms 
chromatin and mitosis.*^ Flemminii studied ovarian 
follicles in mammals and noticed that the epithelial 
lining of regressing follicles was littered with cells the 
nuclei of which were breaking u9\(FiQute 1).^^ his 
careful camera lucida drawings illustrate the half- 
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moons of pyknotic chromatin typical of apopiosis 
(Figu|-e 1 ) as well as apoptolic bodies loose in the 
cavit^ of the follicle. Renaming gave a name to the 
process, chromatolysis, referring to the fact that the 
broken up nucleus ultimately disappears. A few 
months later the same observations were published 
by a joerman medical student. Franz Nissen.^* who 
obse^ed chromatolysis also in lactating mammary 
glancis (Figure 2). 

Cflromatolysis and nuclear pathology became d 
fashibnable topic^®**®; beautiful examples of what we 
woulb label apoptosis were seen in breast cancers by 
StrOtie,'® and by 1914 enough data were available tor 
a Gei-man anatomist, Ludwig Graper, to publish a pa- 
per entitled (in translation) "A new point of view re- 
garding the elimination of cells-^^^ Griper's premise 
is that some mechanism must exist to counterbalance 
mitosis, especially in epithelia. and concludes that 
Flenniming's chromatolysis is the answer: "Chroma- 



FiQurol. Apeptotii as observfti in 286$ by 
fiemmingF^ who catlul U chromatolysis. Top 
lefl: fsformat rahbU ovarian /biUelfi near mam- 
nty, 1 mm in diamvter, Mtmerous epitMxal 
mitoses. Top right: JU^rfy stas^ of involution in a 
ntxAThy /otlicJe. Many vpitbeliol cetts are in vari- 
ous ^lages cf death by cbromatofytis: saam art 
sbed ituo the lumen. Bottom:! iietaU <^the same 
tnvoiuttng foiiicte. Most ^ubeOal evils in con- 
tact with the ovum are normaiionv l< in mito- 
sis'); those farther removed arc undergoing 
cbronwtofysis. Note the haif-moons of chroma- 
tin i)pical of apoptosis, CQsmiam fiacaHon; sa* 
franin and gentian violet staining- Camera 
cida drawing.} 



tolysis must exist in all organs in which cells must be 
eliminated" (p. 377). The debris, he writes, are taken 
up by neighboring epithelial cells, but spmeiimes they 
are so abundant that they are eliminated into an or- 
gan's lumen, as is the case for "uterihe milk* (both 
features are typical of what we now clall apoptosis). 
Graper also experiments on the yolk sac. which, he 
argues, must shrink progressively: its cells do not 
shrink, so the sac as a whole couldi only become 
smaller by one of two mechanisms: 1) jby developing 
folds or 2) by eliminating cells, which jGrAper recog- 
nizes as the right answer (Figure 3)1 Graper con- 
eludes that the "physlologische Zellejiminaiion- oc- 
curs by chromatolysis during the shrinkage of organs, 
as well as normally in ceaain glands. In essence, "a 
sister cell [Schwesterzelie] engulfs a neighboring cell 
that breaks down" (p. 391). An interesting side issue 
comes up as Graper points out thai|the P^^^^'f^' 
descriptions of so-called amitosis <n^cleaf division 
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cware o/PUmn,ing's swOy," afier having ^^'^'^^^^ ST « 
conclu/eH ibai ^namc cbrom^otysif tvas suuable also io bis 
oum /tneHngs. 




Figure 3. Apopiom iltu^iea in 1911 io L. GH^-r y '"^^'^ 
WW/ cfrtHiyotk socman coune ,f inyoluMn. Ma 

Ant^UnUci cett bos uUun yp ibtfiagmenUid nuclaa cfa ntjghbaf 
Ir^ ctU thai died during die involutioH pnectt. 

without mitosis) were due to the erroneous interpre- 
tsiiion ot cells that had taken up nuclear material from 
ainearby cell that died by chromatolysis. 

i This milestone paper made no significant impact. 
Pferhaps it was overlooked because it appeared at The 
olitsei of World War I in a German journal on cellular 



investigation that many pathologists might have 
missed. The term chromatolysis was ajdopted by neu- 
ropathologists to mean something entirely different, 
namely the apparent breakdown of rjlissl substance 
after transection of the axon. Howe\>er. the original 
concept of chromatolysis did survive! among embry- 
ologists. who understood its importance as a mor- 
phogenetic mechanism. This line of sftJdies was sorn- 
marized in a masterly paper by GIQcKsmann in . 
1950.^ Here Is his description of plliysiological cell 
death in the embryo. 

"The initial stage, chromatopycno^s. consists ... m 
tne appearance of a single chromatid mass simng as 
a cap on the vacuole formed by the non-chromatic 
material.... Both the nucleus and thte cytoplasm .... 
shrink by the loss of fluid.... The graijiule loses its af- 
finity for nuclear stains, becomes F^ulgen-negative. 
breaks up and disappears: this is chromatolysis.... 
The degenerating cell may be phagocytosed by a 
neighbour." It is further specified that "the nucleus 
may break up.into several pyonotic. granules." and 
that "mitochondria rarely show changes' such as are 
lound in cells exposed to in|urious agents. 

All this is. of course, another fine description of ap- 
optosis. GlOcksmann realized that he was describing 
a special form of cell death, but hte studies were lim- 
ited to cell death in embryonic tissues. Thus it was 
natural for him to assume that this particular form of 
cell death was characteristic of vertebrate ontogen- 
esis and therefore different from, rather than appli- 
cable to, cell death in adult tissues. 6rap«r had gone 

farther. • 

Oddly enough, the role of protein denaturation m 
cell death was not confirmed until 1Q60. by studies of 
optical density, light diffraction, and autof luorescence 
of dying and dead tissues-*" These istudies were car- 
ried out by the old method of implaniting fragments of 
rat liver into the peritoneum of other rpts. The following 
appear to be the basic rules of ischemic cell death for 
the liver; variations should be expected for other cell 
types: 

1) Cell death and necrosis are viery different enti- 
ties, ischemic cell death, defined fi^nctionally by the 
point of no return, occurs long before necrosis and is 
not detectable histologically (for rat liver the point of 
no return is known to occur at approximately to 2 to 
2 S hours): indeed, it is useful to point out that the 
difference between cell death and inecrosis. biologi- 
cally a key issue, has been complefely overkjoked m 
recent literature.^ 

2) ischemic liver cells swell for 6 to 7 hours, then 
lose water and shrink (Figure 4). Early in the swelling 
process they die. we can now add that the swelling 
process is understood as a result of ion pump failure 
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by lack of ATP and that tne swelling is accompanied 
by Intlense blebbing (to be discussed further). 

3) The dying and dead cell's proteins face two pos- 
sible jfates: hydrolysis and/or denaturation. 

4) protein denaturation begins while the cell is still 
alivejbeing detectable at 30 minutes. Today we can 
interfiret this finding by assuming that the ubiquilin 
system, which targets denatured cells for hydrolysis 
by ari energy-requiring sysiem,3'=»-=*^ js overwhelmed 
and can no longer function for lack of ATR The de- 
naturklion process is still going on after 12 days. 

5) .'During ischemic cell death and the subsequent 
coaglilation necrosis, large amounts of calcium are 
takeri up by the affected cells.^^ 

Thb concept of cell suicide surfaced for the first 
lime 'after the lysosomes were discovered in the late 
196(^. De Duve proposed that cells might be killed 
from fA/ithin. by an explosion of their lysosomes acting 
as "sbicide bags" (summarized in reference 15). The 
idea Uas soon discredited, but we now know that it is 
probkbly true in special circumstances, namely in the 
crystal diseases, in which leukocytes phagocytiie 
cryst;als That break open the lysosomes (summarized 
in reference 16). 

Free radical pathology appeared in the 1960s, and 
it ledi to the identification of another mechanism of cell 
suici'de. especially in liver cells as a result of certain 
intoxications.^ namely, the intracellular release of 
free radicals, v^/hich can damage cellular organelles 
(surr^marized in reference 15). This line of research 
helpbd lead to the proposal of a final common path- 
way Ifor cell death from different causes, le, a rise in 
intrs^icellular calcium.^*^^ 

T^en came apoptosis. the third and perhaps the 
ultirriate form of cell suicide, purposeful suicide, and 
one of the most exciting developments in nruDdern bi- 
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ology. The critical experiment (publishedlin I971)was 
extraordinarily simple; Kerr^® induced liyer atrophy in 
the rat by tying off a large branch of the portal vein. 
He noticed a discrete drop-off of cells by a sequence 
of changes that he called at first shrinkage necrosis 
and a year later apoptosis.^^ The next critical step 
came independently from the study of irradiated lym- 
phoid tissues. It was known from histological studies 
that the nuclei of irradiated lymphocytes break 
down.3« In 19763d and 1981-*° *' three groups exam- 
ined electrophoretically the chromatin |of irradiated 
tissues and found that It broke down irito fragments 
that produced a typical, ladder-like pattijrn. suggest- 
ing that the fragments were multiples of nucleo- 
somes/' Then Wyllie et al*^ in 1984 llnkjed the ladder 
pattern with the phenomenon of apoptosis and 
thereby added a specific biochemical jmarker to the 
distinctive morphological changes of apoptotic cells. 
This discovery led to an enormous increase in papers 
on apoptosis. with the latest developments in this field 
concerning the genes involved in cell suicide and the 
possibility of using apoptosis as an appijoach to tumor 
diagnosis and therapy. i 

In retrospect, it is mind-boggling that earlier pa- 
thologists (ourselves included) paid soi little attention • 
to the mechanism of organ shrinkage during atrophy, 
even after it had been carefully described. Perhaps it 
appeared too simple and self-evident: or as dull as 
autolysis /n wVo.^ It is a fair guess ^at today the 
mechanism of atrophy would have a jlow priority jn 
competing for grant support. 

We will now examine more closely; the two best 
known modalities of cell demise: cell d^ath by suicide 
(apoptosis) and cell death by murder (accidental cell 
death). 



Cell Death by Suicide: Apoptosis 
AS mentioned earlier, cells can commit suicide by at 
least three mechanisms, but apoptosis stands out as 
a form of intentional suicide based! on a genetic 
mechanism. For our purposes it will stiiffice to list the 
key features of apoptosis. as many comprehensive 
reviews are available."*^^ 

1) Apoptosis is a form of cell death characterized 
by morphological as well as blochemipal criteria and 
can be considered as a counterpart; of mitosis, as 
Griper had proposed. 

2) Morphologically the cell shrinksj and becomes 
denser, as implied in the original name shrinkage ne- 
crosis.^® The chromatin becomes ; pyknotic and 
packed into smooth masses applied against the 
nuclear membrane (marginaiion of chromatin: Figure 
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5), creating curved profiles mat have inspired de- 
scriptive terms for over a century, such as half-moon-. 
ho^se-shoe-. sickle-.""® lancet-, and ship-like (navicu- 
lar^). The nucleus may also break up (karyorhexis), 
anjd the cell emits processes (the budding phenom- 
enbn) that often contain pyknotic nuclear fragments. 
T^Sse processes tend to break off and become ap- 
optotic bodies, which may be phagocytized by mac- 
rophages or neighboring cells or remain free: how- 
evier, the ceil may also shrink into a dense, rounded 
mass, as a single apoptotic body. 

js) There is little or no swelling of mitochondria or 
oti^er organelles. 

14) Biochemically, the DNAis broken dovsrn into seg- 
ments that are multiples of approximately 185 bp, due 
tolspecific cleavage between nucleosomes. 

15) The process is under genetic control*® *^ and 
can be initiated by an internal dock, or by extracel- 
lular agents such as hormones, cytokines, killer cells, 
arid a variety ot chemical, physical, and viral agents. 

16) Apoptosis can run Its course very fast, even in 
minutes (34 minutes from the onset of budding to 
cdmplete breakup In the nnovie by Bessis to be dis- 
cvlssed below). For this reason apoptosis is remark- 
ably unobtrusive in tissue sectlons.^^ in routine sec- 
tions the best cytological marker of apoptosis is 
karyorhexis. especially In an isolated cell. Fortunately, 
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a recent technical advance makes thb identification of 
apoptosis a matter of simple histochemistry, a method 
that takes advantage of the fact that the DNA breaking 
points (nicks) expose molecular endings that are 
chemically specific.*^ 

7) The rapidly developing tale of apoptosis warns 
us that generalizations are dangeroijjs because, first, 
cell suicide does not always take the form of apop- 
tosis: second, cell murder by cytotoxic lymphocytes 
leads to apoptosis: third, there se6m to be several 
varieties of apoptosis*® and fourth, different cell types 
may follow different rules.* 

The only flaw that we find in the name of apoptosis 
is that It Includes both cell death (pj-esumably repre- 
sented by cell shrinkage and pyknoisis) and necrosis 
(the secondary breakup into a clujster of apoptotic 
bodies). This has created some confusion: how can 
apoptosis be opposed to necrosis, jas many authors 
do, if apoptosis produces classic images of necrosis? 
The remedy may be simple enodigh: the second 
phase of apoptosis should be called apoptotic ne- 
crosis, as opposed to ischemic, toxic, or massive ne- 
crosis (see below). Examples of apoptotic necrosis 
are the sunburn cells of the epiderrnis and the Coun- 
cilman bodies of the liver.*^ 

We might add that the Greek n^me apoptosis is 
most felicitous, suggesting as ii does the discrete im- 
age of leaves dropping off here and there from a tree 
(ap6, meaning from and pt6si$, meaning a fall) as 
opposed to the massive cell death; of an infarct. We 
will only note that the pronunciation apo'tosis (skip- 
ping the second pf^ is not confirr^ed by the Greek 
scholars whom we have consulted^ A recent letter to 
NatureF^ makes the same poirit: nobody says 
helicopters. \ 

The Shrinkage and Condensation of 
Apoptotic Cells 

It is interesting to compare these tvj^o features of ap- 
optosis with the shrinkage and condensation that oc- 
cur after ischemic cell death as 4 result of protein 
denaturaiion^ (Figure 4). To this day, the shrinkage 
and condensation of the apoptotic cell are not ex- 
plained/^ Could they be rooted in :the same mecha- 
nisms that operate in ischemic cell death? The In- 
creased density, visible on light and electron 
micrographs, could reflect the accumulation of de- 
natured proteins, perhaps by failufe of the ubiquitin 
system. Protein denaturation has been linked to in- 
creased Intracellular calcium,^-^ and In some forms 
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of apoptosis calcium does increase.*®*^ Because 
denatOred proteins are autofluorescent, their pres- 
ence in apoptotic cells should be fairly easy to test, 
and we are presently attempting to do so. 



The Budding Phenomenon 

In their agony, cells dying by apopiosls emit a number 
of pseudopodia. a process that Kerr has aptly de- 
scribed as budding.^® The emission of cellular pro- 
cesses, obvious on electron micrographs of apop- 
totic cells,^ becomes dramatic when witnessed by 
time-lkpse cinematography of isolated cells. We can 
say this because apoptosis was f ilmed accidentally in 
the 1^60s. during a study of cell death,®*^ well be- 
fore dpoptosis was recognized as a special entity. A 
French hemetologist, the late Marcel Bessis. exam- 
ined ty lime-lapse cinematography the modes of cell 
death of human leukocyies maintained between slide 
and coverslip (Figure 6). One of the sequences shows 
a leukocyte emitting pseudopodia (budding) and fi- 
nally breaking up with almost explosive suddenness. 
Bessis described this cellular behavior as "cell death 
by fragmentation."®® A study frame by frame even 
shovwjs two half-moons of chromatin in an apoptotic 
body (Figure 6). The sequence was seen by Dr. Kerr 
who lagreed that K appears to represent apoptosis 
(JFRlKerr, personal communication, 1994). 

Thje pathogenesis of the budding phenomenon is 
not iinderstood; perhaps it Is related to the final 
breakup of the cell. It is milder in the stiff keratino- 
cytes,** perhaps explaining why apoptosis of kera- 
linoqytes can produce the relatively large, rounded 
intraepithelial bodies called sunburn cells.®^ The 
buds may contain any type of organelles, including 
nuclear fragments, and do not swell; they should not 
be confused with blebs : Blebs are typical of ischemic 
cell death. They are blister-like, fluid-filled structures, 
typidally devoid of organelles, that arise from the cell 
menribrane and are apt to swell and burst, and some 
maylpinch off and float away. Some blebs are revers- 
ible. IThe mechanism of blebbing appears to depend 
on a! disconnection between the cell membrane and 
the underlying cytoskeleton (reviewed in reference 

16). i 

Stiudents of apoptosis sometimes refer to the dy- 
ing cell as performing zeiosis."-*^ The term zeiosis 
(frorp the <3reek z4i6, meaning I boil) was created by 
Costero and Pomerat in 1951^^ to describe a bub- 
bling process observed in living cultured fragments 
of nervous tissue. The bubbling occurred along den- 
drites and was not studied in detail, but it seems to 




Figure 6. The Jint known cinematogrtqthic recording apoptosis. 
Two /mmes from a i955 Hme^tapse movie hy Marcei ^^J^^^'^ 
a leukocyte in vftro :taid to be dying 'hy /roRmeniatton,'^^-^T(3^^ 
leukocyte iprobuH^y a monocyte. AO ^ dmrntse Bottom. 

the saine leukocyte J5 minutef Uttvr, aficr an episode of httdOing 
(not shown}. It hM Suddenly broken up into apoptotic hodUx, two^ 
which contain clumps of dense cbronuuin iarrcw\ most iikefytte 
,ypical half moons of apoptosis. iPeproduction auibcrized for Or, M. 
Bessis Dr. J. L. Blnet,) 



have represented blebbing. To our knowledge, bleb- 
bing has never been seen in electron Micrographs of 
apoptotic cells. Therefore, in the conbxt of apopto- 
sis, it is best to use the term budding instead of 
zeiosis. 
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Apoptosis and Karyorhexis 

Kafyorhexis. which used to be a descriptive term of 
little relevance, has gained new status since it turned 
oui to be a feature of apoptosis. It is true that karyo- 
rhexis, when observed in isolated cells, suggests ap- 
optosis. However, it is certainly not pathognomonic of 
apbpiosis. Its originator. Klebs, saw it in a variety of 
dying (and infected) tissues.^ Neurons can show 
kai|yorhexls as a result of ischeniia®^ and hyperoxia.®^ 
Karyorhexis occurring in tumors might be taken as a 
manifestation of programmed cell death and, there- 
forfe. as a good prognostic sign, in opposition to the 
nuiriber of mitoses (and lo the extent of massive ne- 
crosis).®"* However, the literature in this regard is 
somewhat confusing. Some authors interpret karyo- 
rhexis in malignant tumors in the same way as mas- 
sivie necrosis, that is. as a bad sign. Because many 
mitoses are also an indication of poor prognosis, 
kafyorhexis and mitosis have been lumped together 
as! a mitosis-karyorhexls index, used to mean "num- 
bejr of nuclei showing either mitosis or karyorhexis per 
high power field."®® When this is done, frequent 
karyorhexis correlates with poor prognosis, at least 
fori neuroblastoma. Is this a misunderstanding, or are 
we dealing with a form ot karyorhexis that does not 
represent apoptosis? This puzzling issue should be 
ealsily settled by using the specific histochemfeal 
stain.*'' rather than karyorhexis, for diagnosing ap- 
optosis. 

Apoptosis and Inflammation 

It ^ usually stated that apoptosis does not induce an 
In^ammatory response, whereas ischemic cell death 
does. This needs to be qualified. Once the macroph- 
ages have made contact with their apoptotic target, 
they stick to it by means of vitronectin receptors.^ but 
hdw do they find their target In the first place? They 
must have been somehow attracted to it. albeit over 
a short distance, and this sequence is certainly typi- 
cal of inflammation. 

jit IS true that apoptotic cells do not seem to attract 
neutrophils or lymphocytes. This could reflect a quali- 
tative difference of apoptotic cell death, but it could 
also mean that cells dying singly (as apoptotic cells 
usually do) release such small quantities of chemoat- 
tractants that not all the molecular species reach the 
vascular endothelium in effective concentrations (the 
eridothelial cells are responsible for initiating the se- 
qiiience of leukocyte emigration; reviewed in refer- 
erjice 16). 

I vs^en apoptosis occurs on a large scale, as In cer- 
tain phases of embryonic development, hordes of 



phagocytes appear on the scene. Saunders and col- 
laborators®^ have beautifully illustrated this phenom- 
enon in situations that they refer to' as cataclysmic 
necrosis, such as the death of cells lr\ the interdlgital 
zones®^-** (Figure 7). In these situations the entire 
mass of dead apoptotic cells is replaced by a crowd 
of mononuclear phagocytes; as matter ot fact, the 
best method for demonstrating this cataclysmic event 
is to stain the tissue in ^ivo with Nije red, a lysoso- 
motropic dye (reviewed in Reference 15). The dye 
reveals not the dead cells but the lysosomes of 
phagocytes in which their debris are packed. The 
phagocytes are so numerous that. <^nce stained, the 
clusters can be seen with the naked eye (Figure 7). 
Microscopically the image is undoubtedly suggestive 
of inflammation, but the nature of the phagocytic cells 
is not certain. They are probably not (derived from the 
blood because circulating monocytes are not 
present^° at ihe stages under conslcferalion. They are 
either tissue macrophages or parenchymal ceils 
("Sehwesterzellen"^^) that became phagocytic. This 
raises the Interesting possibility that phagocytosis by 
nonprofessional phagocytic cells would be a useful 
adaptation to programmed cell death in the embryo, 
when a clean-up operation is required but a full-blown 
inflammatory response is not yet available. 

One Inflammatory feature of apoptosis does seem 
unusual, namely, the fact that the cbll debris (apop- 
totic bodies) are often phagocytized by neighboring 
cells such as epithelial cells, whlc^ are not profes- 
sional phagocytes. This does appear to be cellular 
cannibalism, but is it specific to apcjptosis, or does it 
represent a general tendency of ceils to devour their 




Figure 7, Leil; a ^latsic picture prxtgrammkti evil death in the tes 
huti t^u chick timhtyo, stained in vivo with Nile red iwhicb becomes 
earicentrated in pbagosomesy. Tbtt dark interdiguat zones represent 
myriads of rvd-stained mucropbdges scauengfng the debris of ctHts 
that died on schedule. RIghU A sqviosh prcparfUion of a 4-day €bick 
entbryo, stained u*tth NUe rvd, xbowing phagocytes loaded with dtthrix 
of dead ceils. Bar m 10 fi. {From Saunders and PoUot^ with permis- 
sion). 
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disabled neighbors, however they may have died? 
More idata are needed. 

i 

Apoptosis and Programmed Cell Death 

i 

A misunderstanding has arisen here, due lo the fact 
that two different programs are involved in apoptosis: 
1 ) a program to carry out suicide and 2) another pro- 
gram |to trigger the suicidal program. 

The phenomenon properly called programmed cell 
death received its name before apoptosis®^-^''; it re- 
ferred to situations in which cells are programmed to 
die ati a fixed time. Such is the death on schedule of 
certafn clusters of ceils in the embryo.®' For example, 
in thei chick embryonic plate, a group of cells has to 
die at a precise lime to help create the outline of a 
wing.^nuch as a sculptor hammers off chips of marble 
to produce a statue. These doomed cells die on 
schedule even if they are transplanted elsewhere in 
the ernbryo.^^.This form of cell death is programmed 
In thej sense that a genetic clock selects a given time 
for th^ death of certain cells. When the tinr^ has come, 
a different program must dictate to these cells how to 
engirxeer suicide (eg, apoptosis). In most cases the 
morphology of this death on schedule turns out to be 
apoptosis, but in other cases it is not, most notably in 
spermatocytes and spermatids in the course of nor- 
mal siDermatogenesisJ^ in the massive programmed 
cell dbath that occurs during the development of the 
nervcius system/® or in the massive death of whole 
organs during the metamorphosis of certain in- 
sectsl*^ In other words, there are many situations in 
which programmed cell death occurs by a morpho- 
logical and biochemical mechanism that is not ap- 
opio^s. There is room her© for additional discoveries. 

In rjeceni years there has been an unfortunate ten- 
dency to use programmed cell death and apoptosis 
interchangeably, because in both cases genetic pro- 
gram^ are involved. This is contusing/* ''* The ge- 
netic iprogram of programmed cell death is a clock 
speciifying the lime for suicide, whereas the genetic 
program of apoptosis specifies the weapons (the 
meanjs) to produce instant suicide. 

W0 therefore recommend that the name pro- 
grammed cell death continue to be used, as originally 
proposed, for death on schedule and not as a syn- 
onymjof apoptosis. 

I 

Cellpeath Not by Apoptosis: Accidental 
CeHpeath 

The c^iscovery, and naming, of apoptosis oblige us lo 
find suitable names for the types of cell death that 

i 

i 
i 
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occur by other modalities. This brings oiil the problem 
that the major sore spot in the nomenclature of cell 
death is precisely the lack of a suitable! name for cell 
death that occurs not by apoptosis but by some ex- 
lernal agent. Intuitively, the concept se^s simple, as 
we are referring to cell death by accidental causes, 
such as heat, which would produce the cellular 
equivalent of murder. Indeed death by murder has 
been suggested, half in jest/® but it is quite mislead- 
ing, as cell murder by killer cells, as we have seen, 
produces apoptosis.®^ Accidental cell death was pro- 
posed by Sessis/® and it is certainly the best avail- 
able term, although it is not perfect l^ecause acci- 
dental causes, such as mild heat or toxfc agents, can 
also induce apoptosis. Necrosis is the term currently 
used for nonapoptotic, accidental cell deeth7^ We 
find it utterly confusing, because necroisis should not 
be used to define a mode of death, ap we will now 
explain. 1 

1 

What is Necrosis? 

The starting point for answering this question should 
be that, once again, cell death and necrosis are two 
very different things. Cell death is a process that leads 
to the point of no return, which, for liver cells submitted 
to total ischemia, lies, as stated abovjs, at approxi- 
mately 150 minutes,'^-'' at which time! scarcely any 
changes can be seen in histological iseciions. Ne- 
crosis is full-blown only after 12 to 24 hours. In other 
words, cells die long before any nectoiic changes 
can be seen by light microscopy. To say cell death by 
necrosis implies that the cell dies when it becomes 
necrotic, which is patently untrue. It is rkther like say- 
ing that clinical death occurs by postnriortem autoly- 
sis. Furthermore, necrosis has been used for a very 
long lime (approximately 2000 years) to mean drastic 
tissue changes visible to the naked eye; and therefore 
occurring well after cell death. It Is inniportant. both 
conceptually and didactically, to preserye this usage. 

Necrosis is signaled by irreversible changes in the 
nucleus (karyolysis, pyknosis, and karyorhexis) and 
in the cytoplasm (condensation and injtense eosino- 
philia, loss of structure, and fragmentation). We can 
safely assume that these are the featqres of a cell's 
cadaver, whatever the mechanism of the cell's death, 
be It ischemia, heat, toxins, mechanical trauma, or 
even apoptosis. The most connmon microscopic set- 
tings of necrosis are 1), cells that died ^ingly display- 
ing the morphological changes of apoptosis, for 
which we have suggested the term appptotic necro- 
sis, and 2). groups of cells that died, of ischemia, 
which we can call ischemic necrosis or massive ne- 
crosis wnen the mechanism Is not knqwn. 
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Jut what was there before ischemic rtecrosis? Ob- 
vioiisiy, ischemic cell death. This is the only var.e^ o\ 
cellldeath (other than apoptosis) that has been stu<^ 
iedin detail, "me data at hand are enough to offer a 
coherent picture of cell death by ischemia, outlmmg 
an Entity that can be set up as a counterpart lo ap^ 
optbsis. Because entities need a name, we propose 
oncosis. 



A^pptosis versus oncosis 



Ischemic cell death is characterized by swelling- hus 
it should be defined by a name that refers to swelling. 
Th4re is such a name in the literature, namely, oncosis 
{frbm dnkos. meaning swelling). This term was coined 
by K/on Recklinghausen'" almost 100 years ago. pre- 
cisely with the meaning of cell death with swellingjn 
a r^ionograph on rickets and osteomalacia, published 
posthumously in 1910, von Recklinghausen de- 
scHbed death with swelling primarily in bone cells, t 
is kn obvious but little known fact that osteocytes of- 
teiii die with enlargement of their lacunae and some- 
times also of their canaltouli. Pathologists with exper. 
tisb in bone diseases are familiar with such images, 
es'pecially in bone tissue that dies by slow ischemia, 
ed in the stumps of a fracture (even Virchow illus- 
trates this phenomenon, without giving it a name, in 
Figure 129 of his Cellular Pathology*). Von Reckling- 
hausen's color illustrations of oncotic osteocytes are 
sinking (Rgure 8). It is certainly a tour de force for the 
s4/elling osieocyte to enlarge its stony lacuna. Von 
Recklinghausen was probably correct in assuming 
tHat this process required an enzymatic effect, which 
h4 called trypsis. (Note that Von Recklinghausen In- 
cluded in oncosis also the mode of death of the so- 



called hypervophlc cells of the growth cartilage. 
There is no doubt that these cells swell and become 
hydropic before they die. However.! their mode of 
death in our view, is still a mystery. Their swelling is 
probabVy quite unrelated to hypertrophy, as both Vir- 
chow* and von Recklinghausen'" observed. Their 
mode of death is certainly programmed, which fits 
with apoptosis. but the swelling does not Perhaps we 
are dealir^g here with yet another form of cell death.) 

After von Recklinghausen the terrrt oncosis con- 
tinued to be used by European pathologists working 
on bone tissue. We propose that it lie given a more 
general mission, as a counterpart, to apoptosis. t is 
concise and descriptive. By its reference to swellir^g 
it is particularly well suited to contrast wfth shrinkage 
necrosis, and it allows necrosis to cover, as it always 
did. those Changes that occur after pell death. In to- 
day's medical jargon, the root onco^ is not limited to 
the swelling of tumors (for example, oncotic pres- 
sure). Our proposal is summarized rn Figure 9. It wj 
be noticed In this figure that necrosis can occur after 




r^'et. as, 




fr«ure 8. Oncotic in osuiccye « iHustroied ^ «o» 

WO. i^trcnce 78 Tol XXt). from a» ttbln^a iO-^T^ 
iiJwUb oMUMTOlit osi^malacia Crtc/w*) prof. boncJameUae 

A^tMvies in cnlareea lacunae; iruSi., cross svcilom ^ tltUtua tone 

laud conalicull and ««ne lacuna appear btort *«?«"*^ 
Mtd u^h air inioaed IfUO ibe bone ( reference 78 p I3S). a HUlbol 
^iJZm in JrW. OrlBina' "'"^'V ■«.««otor.*) 
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both forms of cell death. A fine example of post- 
apopiioiic necrosis Is the cataclysmic necrosis in em- 
bryo tissues described by Saunders and Fallon.** 
Kerr and Harmon^ have also pointed out that apop- 
loiic cell bodies can incur extracellular breakdown 
and referred to this post-apoptotic change as sec- 
ondarly necrosis, thereby concurring with our view 
that niecrosis can occur also after apoptosis. 

In summary, we can define oncosis as follows: 1). 
oncosis is a form of cell death accompanied by cel- 
lular swelling, organelle swelling, blebbing. and in- 
creased membrane permeability; 2), its mechanism is 
based on failure of the ionic pumps of the plasma 
membrane; 3). it is caused, typically, by ischemia and 
possilDly by toxic agents that interfere with ATP gen- 
eraWon or increase the permeability of the plasma 
membrane; 4), ii evolves within 24 hours to typical 
necrojsis: 5). it is usually accompanied by karyolysis; 
6), it ban be diagnosed by tests of permeability on 
whole cells, either in suspension (by dye exclusion 
tests)j or by electron microscopy (using a colloidal 
marker)^®; 7). the DNA breaks down in a nonspecific 
fashi^n*^. and 8). the cellular changes (increased 
permjeabilily of the plasma membrane, cell swelling, 
orgarielle swelling and vacuolization, and simulta- 
neous protein denaturation and hydrolysis) can only 
be hinted at by ordinary histological techniques. 

Mainy experiments have shown that blebbing, de- 
scribed above, begins during the early stages of is- 
chemic damage and is initially reversible. Large 
blebs! may burst, and it has been suggested that this 
may be the final blow to a dying cell (reviewed in ref- 
erencle 15). 

Wriy karyolysis should follow oncosis is not known. 
As rejgards the mechanism of karyolysis, a huge lit- 
erature appeared early in the 1900s. when autolysis 
was a fashionable research topic (reviewed in refer- 
ences 13, 16, and 48). The basic problem was al- 
ready identified by Weigert: has the chromatin leaked 
out, 6r has it lost its stainabillty? From the studies of 
Trump et al*' it appears that both mechanisms can 
operate. 

In (Closing, we would like to point out two facts. First, 
oncosis and apoptosis are merely two forms of cell 
death, among many others that remain to be de- 
scribed. Consider, for example, that form of cell death 
that nnakes histopathology possible, namely death by 
fixation. Histological fixatives are designed to pro- 
ducejthe perfect crime, death without visible traces. 
Whati shall we call it? Second, in these days of mo- 
lecular pathology, it is well to remember that the mar- 
veloujS story of apoptosis was initiated by a very 
simpljB, almost elementary morphological observa- 



tion, accessible to the microscopes bf our great- 
grandfathers, i 

i 
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Zeng, 'Rio, Glenna C. L. Bett, and Frederick Sachs. 
Stretch-activated whole ceU currents in adult rat cardiac 
myocytes. Am. J. Physiol Heart Circ. Physiol 278: H548- 
H557, 2000.— Mechanoelectric transduction can initiate car- 
diac arrhythmias. To examine the origins of this effect at the 
cellular level, we made whole cell voltage-clamp recordings 
from acutely isolated rat ventricular myocytes under con- 
trolled strain. Longitudinal stretch elicited noninactivating 
inward cationic currents that increased the action potenti^ 
duration. These stretch-activated currents could be blocked 
by 100 pM Gd3^ but not by octanol. The current-voltage 
relationship was nearly hnear, with a reversal potential of 
approximately -6 mV in normal Tyrode solution. Current 
density varied with sarcomere length (SL) according to / 
(pA/pF) = 8.3 - 5.0SL (\xml Repeated attempts to record 
single channel currents from stretch-activated ion channels 
failed, in accord with the absence of such data from the 
literature. The inability to record single channel currents 
may be a result of channels being located on internal mem- 
branes such as the T tubules or, possibly, inactivation of the 
channels by the mechanics of patch formation, 
ion channel; patch clamp; mechanical stress; simulation; 
sarcomere 



MECHANICAL STRESS changes the electrophysiological 
properties of the heart, a phenomenon known as mecha- 
noelectric feedback (25). Stretching intact hearts or 
excised muscle can raise the beat rate (2, 3), cause 
diastolic depolarization (30), change the action poten- 
tial configuration (7, 24), and induce arrhythmias (17). 
Stretch-activated channels (SACs), considered to be the 
origin of mechanoelectric transduction (21, 37, 53), are 
found in many cardiomyocytes, including those from 
moUuscan ventricle (40), chick embryo ventricle (20, 
33), rat atrium (22, 50) and ventricle (8), rabbit sino- 
atrium and atrium (12), guinea pig ventricle (6, 39), 
and pig atrium (19). Most of the above recordings were 
made with the cell-attached single-channel patch- 
clamp technique, in which the open probability (P o) of 
the channels increased with negative pressure apphed 
to the patch pipette. None of the above data were 
obtained from adult ventricular cells, and there are 
almost no data on whole cell responses of cardiocytes to 
stretch under voltage clamp. 



To record whole cell mechanosensitive currents un- 
der stretch, the cells must not only be voltage clamped 
but also stretched without damage. Stretching intact, 
isolated cells without damage has proven to be ex- 
tremely difficult (5, 11), and only one paper has shown 
whole cell currents (39). In some experiments hydro- 
static or osmotic pressure was used as a mechamcal 
stimulus to inflate the cells, but it is unlikely that these 
stimuli are equivalent to axial stretch (20). Hagiwara 
et al (12) evoked mechanosensitive 01 currents by 
inflating the cells through the clamping pipette, whereas 
Sorota (44) and Tseng (47) found an increase of CI 
permeabihty in response to hypotonic swelUng, Attempt- 
ing to evoke axial strain, Sasaki et al. (39) attached 
cells to a coverslip or to a fire-poUshed glass tool and 
pulled on the other end with another glass tool or 
suction pipette. Currents were recorded with a sepa- 
rate pipette and had a reversal potential of - 15 mV in 
physiological saline. Hu and Sachs (20) recorded cur- 
rents in chick heart cells through a perforated patch 
and stimulated them by compressing the rounded cells 
with a second pipette. In agreement with the results ol 
Sasaki et al. (39), Hu and Sachs found a mechanosensi- 
tive cation current reversing at -16 mV. In none of 
these papers was strain under reliable control. 

In this paper, we present evidence of a gadolinium- 
sensitive whole cell stretch-activated current (/stretch) in 
adult rat ventricular cells under controlled strain. The 
cells were pulled with a pair of concentric pipettes as 
described by Palmer et al. (29). The axial strain was 
measured from calibrated displacements of the ends ot 
the cell and from Fourier transforms of the sarcomere 
spacing. These measurements formed the basis for 
quantifying the relationship between strain and cur- 
rent. 

METHODS 

Cell preparation. Ventricular myocytes were enzymatically 
isolated by retrograde perfusion of the heart (28, 49). Briefly, 
Sprague-Dawley (2-3 mo old) rats were injected with heparin 
(2 000 U/kg) and then Nembutal (60 mg/kg). When the rat 
was anesthetized, the heart was quickly excised, cannulated 
through the aorta in cold lyrode buffer, and then mounted on 
a dual-channel tube Langendorflf perfusion apparatus. Perfu< 
sion of the heart proceeded at 37^0 for 10 mm m Tyrode 
solution, 4.5 min in Ca^+.free Tyrode solution 30 min in the 
enzyme solution, and 5 min in low-Ca^; Tyrode solution. All 
perfusion solutions were equilibrated with 100% oxygen. The 
enzyme solution was limited to 60 ml and allowed to recircu- 
late After perfusion, the ventricle was cut off and minced. 
Cells were dispersed from the tissue by agitation, filtered mto 
Tyrode solution through a 200-pm-mesh net, and stored at 
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4*0 until use. All experiments were done within 1-20 h after 
isolation. 

Dye loading. Isolated cells were loaded for 30 min at room 
temperature in normal T^rode solution containing 2 pM fluo 
3-AM (Molecular Probes) and 0.2% Pluronic-127 (Molecular 
Probes) (41). Cells were then rinsed three times in saline and 
left for 20 min to further hydrolyze the ester form of the dye. 

Cell stretch and patch clamp. Isolated rod-shaped ventricu- 
lar cells with clear sarcomeres were held by two concentric 
glass pipettes (29), with the inner pipette serving as a stop to 
prevent the cell from being sucked up the outer pipette. The 
outer pipette was pulled from a glass capillary (ID 1.0 mm, 
OD 1.5 mm; Drummond Scientific) with an inner tip diameter 
of ~15 pm. The inner pipette was made from a glass capillary 
(ID 0.5 mm, OD 1.0 mm; Dagan) with an outer tip diameter of 
- 12 pm. The inner pipette was inserted into the outer pipette 
by a manipulator, leaving a gap of -8 pm to the tip of the 
outer pipette. The tip of the outside pipette was then cut by 
fusion of the tip to the filament of a microforge as described by 
Hilgemann (18). The cut end was lightly fire-polished so that 
the tips of the inside and outside pipettes were forged 
together and formed a cup to hold the cell. 

lb make the cells adhere to the glass, we tried a host of 
difierent agents. These included Cel-TaK (Collaborative Bio- 
medical Products), a glue based on barnacle adhesive pro- 
teins, as suggested by Palmer et al. (29). This did not provide 
sufficient adhesion for prolonged pulling. Strong suction itself 
caused fatal cell contraction, probably via SACs. We tried 
many different adhesives, including covalent and noncova- 
lent bonding agents such as poly-L-lysine. We tried adhesives 
activated by ultraviolet light (Master Bond), epoxies, cyanoac- 
rylates (**crazy glue"), silicones (e.g., Kwik-sil, World Preci- 
sion Instruments), charged silanes such as 3-aminopropyltri- 
ethoxysilane, and covalent silanes such as isocyanates. We 
tried covalently attaching wheat germ agglutinin to the glass 
with a silane linkage, but that, too, was imreHable. The 
problems varied from adhesives not sticking well to the glass 
or to the cells or damaging the cells to the adhesives not 
catalyzing under water or catalyzing too fast. We had hoped 
to find a volume-filling adhesive to take up the space between 
the pipettes and the cell, but as yet we have not been 
successful. Our best adhesive to date has been a dense layer of 
positive charge linked covalently to the glass. We first treated 
the concentric pipettes with a silane (17840, United Chemical 
Technologies) that left the glass coated with isocyanate 
groups. The silane was prepared as a final concentration of 
2% in 95% ethanol. Pipettes were immersed in the solution 
for 5 min and then cured 24 h at room temperature. Shortly 
before each experiment, the coating was reacted with an 
amino dendrimer (PAMAM dendrimer generation 4, Aldnch 
Chemical) by dipping the tip of pipettes in a 10% solution in 
methyl alcohol for 5 min. 

lb attach cells to the pipettes, two or three drops of the cell 
suspension were transferred to a custom-designed chamber 
with a bottom made from a coverslip. After 5 min most cells 
settled down, and the bath solution was then changed to a 
low-Ca2-^ or Ca^^-free relaxing solution so that suction would 
not cause extensive contraction. The selected cell was first 
drawn into one concentric pipette by gentle suction, with the 
intercalated disk region firmly contacting the inner pipette. 
The cell was then lifted ~50 pm above the bottom of the dish. 
The second concentric pipette was then moved close to the 
free end of the cell, and it was gently drawn in as for the first 
pipette. The pipette positions were adjusted so that the cell 
was relaxed and aligned axially with the two pipettes. We 
waited 10 min to allow the dendrimer to bond to the mem- 
brane. The cell was then patched with a third pipette. Despite 



our efforts to get the best adhesion possible, and even with 
small strains, it was usually not possible to stretch a cell more 
than four or five times before it pulled loose from one of the 
pipettes. Consequently, many of the results are presented as 
statistical averages across cells. 

The patch pipette and one of the concentric pipettes were 
mounted on PCS-800 piezoelectric manipulators (Burleigh 
Instruments), and the other concentric pipette was attached 
to a second manipulator (MP-300, Sutter Instruments). Dur- 
ing the experiment, the cell was stretched axially by sending 
an electrical command to the PCS-800 manipulator at one 
end of the cell. To reduce local strain in the region of the patch 
pipette, this command was scaled and sent to the PCS-800 
manipulator controlling the patch pipette, so that it moved 
sideways in proportion to the local strain. 

Data recording and analysis. Standard whole cell record- 
ing methods (14) were used to clamp the membrane voltage 
and record currents. The fire-polished patch pipette had a tip 
ID of 1-2 pm, with a resistance of 0.5-2.0 MH when the 
pipette was filled with high-K+ pipette solution. The seal 
resistance was usually >2.0 GH. Cell capacitance was de- 
rived by fitting the transient currents generated by a voltage 
pulse after the whole cell configuration was formed <26). 

Voltage and current signals from the patch-clamp amplifier 
(Axopatch-IB, Axon Instruments) and movement commands 
of the stretching pipette were filtered at 2.5 kHz and then 
digitized by a data acquisition board (AT-MIO-16E-2, Na- 
tional Instruments) in a personal computer (XPS H266, Dell). 
This data acquisition board was the control unit for all of the 
experiments, generating voltage, stretching, and synchroniza- 
tion command potentials. The board was controlled by custom 
software (T. Zeng, unpublished) that was programmed in 
LabVIEW (National Instruments). A charge-coupled device 
camera (KP-M2U, Hitachi) was attached to the microscope 
(DIAPHOT 200 with x40 oil-immersion objective and water- 
immersion condenser, Nikon) to monitor the cells. During cell 
stretching, a digital signal from the data acquisition board 
triggered a frame-grabber board (IMAQ PCI-1408, National 
Instruments) to sample the images of cells at specific times 
(Fig. lA). Continuous real-time video images were also logged 
onto S-VHS tape for archival storage. Tb change the bath 
solutions around the cell, a pulse was sent from the board to 
control the valves of a perfusion system (PS-8, ALA Scientific 
Instruments), whose output was held in a fourth manipula- 

^°^6nce the patch was broken by the zap pulse from the 
amplifier, we waited 5-10 min to reach a steady state. A small 
stretch was then given to test whether the cell was still firmly 
held by the concentric pipettes. Data were recorded by 
applying larger stretches until the cell came loose or con- 
tracted. The stretch-activated current was measured as the 
differential before and after stretching. We have attempted 
-100 cells, but only 15-20 were held sufficiently firmly and 
remained relaxed while being patched. 

Sarcomere length (SL) was determined from the cell im- 
ages using a two-dimensional (2-D) Fourier transform operat- 
ing off-line (Fig. IB). A region of interest (256 X 128 pixels 
with 256 gray levels) was transformed into the 2-D power 
spectrum and the spatial frequency peak (/Un) corresponding 
to the SL was located by software. SL was computed by the 
equation SL = /cai X fcJUxh where /cai is a calibration distance 
(5 pm) obtained from the image of a stage micrometer and/aii 
is its corresponding maximum spatial frequency. The analysis 
software was also written in LabVIEW. The mean SL of our 
cells in resting condition was 1.77 i 0.08 pm in = 18) when 
held by the pipettes. Statistical significance was calculated 
using Student's i-test. 
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Pig. 1. Cell stretching and measurement of sarco- 
mere length (SL). A: cell was attached to 2 
concentric pipettes (left and right) and voltage- 
clamped by a third (middle). Right concentric 
pipette moved right to stretch cell, and patch 
pipette moved with local strain to reduce stress 
around tip. Images were sampled by a frame 
grabber at specific times. White dot indicates a 
fiducial fixed point. B: diffraction patterns of cell 
in A. Spatial frequency (/^u) corresponds to SL. 
Actual SLs in a-d are 1.78, 1.84. 1.84, and 1.78 
pm, respectively, obtained by comparison with a 
calibrated stage micrometer. 
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Solutions, The Tyrode solution contained (mM) 137 NaCl, 
5.4 KCl, 0.5 MgCla, 1.8 CaClz, 10 HEPES, and 5.0 glucose, pH 
7.4 with NaOH. The Ca^-^.free solution was Tyrode solution 
without added Ca^^. For the low-Ca^^ Tyrode solution we 
reduced Ca2+ in Tyrode solution from 1.8 to 0.2 mM. Tris- 
Tyrode solution was Tyrode solution with Na* replaced by 
Tris*". The enzyme solution was 60 ml of Ca^^-free Tyrode 
plus 30 mg of collagenase A (Boehringer Mannheim) and 6 mg 
Protease XIV (Sigma). The pipette solution was (mM) 130 
KCl, 10 NaCl, 5 MgCla, 11 EGTA, 1 CaClg, and 10 HEPES, pH 
7.4 with KOH. In some experiments, CI" was replaced by F"^ 
as indicated. 

Mathematical modeling. Airetch was modeled using a simple 
linear nonspecific current with two components, the Na^- 
carrying element and the K*-carrying element 

/.tretch = 7.tr.tch.Na(8.3 " 5.0Sh){E^ " ^Na) 

+ 7»tretch.K(8.3 - 5.0SL)(£^ - E^) 

where ^Na and Ek are the reversal potentials for sodium and 
potassium respectively, Ejn is the membrane potential, and 
7Btretch.Na and ^stretch.K are the whole cell conductances of the 
stretch ciurent to potassium and sodium ions, respectively. 
The components were kept separate to ease calculation of ion 
concentration changes within the cell as well as the electro- 
genic eflfect of the current. 

/stretch was incorporated into a model based on the Oxsoft 
Heart Model (Biologic) of the isolated rat ventricular cell, 
which was modified to include a parameter for EGTA. The on 
and off rates for Ca2+ binding to EGTA were 10^ ^ M'^s'* and 



0.4 s-i, respectively (48). Oxsoft Heart is a mathematical 
representation of the heart based on experimental electro- 
physiological data from a variety of sources. It simulates the 
behavior of transmembrane currents, exchangers, and trans- 
porters, the sarcoplasmic reticulum, the intracellular buffers, 
and the movement of intracellular and extracellular ion 
concentrations. 



RESULTS 

Stretch increases action potential duration and depo- 
larizes resting potential. In normal-Ca^-*" solution, heart 
cells are apt to contract when touched by a glass 
pipette, particularly when subjected to suction. We 
presume that this represents action of SACs. To check 
the effect of stretch on cell excitability, we recorded the 
membrane potential while stretching the cell. In cur- 
rent-clamp mode, pulses of 1 ms and 2 nA repeated 
every 5 s could elicit action potentials. After the action 
potential was stable, we pulled on one of the concentric 
pipettes to stretch the cell. The displacement was -5 
Vim and lasted 20 s. The pipette was then returned to its 
original position- Figure 2 shows action potentials 
recorded during stretching. 

Compared with the control value of 621 ± 12 ms (n - 
5), action potential duration (APD) at 90% repolariza- 
tion (APD90) increased to 764 ± 50 ms (n = 4, P < 0.01) 
with stretching. On return to the resting length, there 
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Fig. 2. Longitudinal stretch increased 
action potential duration (APD) and 
depolarized the cell. Action potentials 
were recorded in current-clamp mode 
with 1 ms, 2 nA stimulation at 0.2 Hz. 
A: action potentials (nos. refer to ordi- 
nal location of stimulus: 3, before 
stretch; 6 and 8, during stretch; 10, 
after stretch). B: APD at both 90% and 
60% repolarization (APD90 and APDeo) 
increased during stretching (6-8) and 
returned close to control duration after 
strain was released (9-14). C: resting 
potential was depolarized diiring stretch- 
ing. Cell was in low-calcium (0.2 mM) 
lyrode solution. 



was no significant difference in APD90 (653 ± 35 ms, 
71 = 5, at P = 0.1 level). Stretching had a similar effect 
on APDso, causing it to increase from 516 ± 19 ms (n = 
5) to 597 :t 22 ms (n = 4, P < 0.01). Stretch also caused 
depolarization of the resting potential. During our 
small stretches, the cell depolarized to -59.7 ± 1.2 mV 
(n = 4, P < 0.01) from the control level of -62.4 ± 1.1 
mV (re = 9). The effects of stretch on the action potential 
and the resting potential are consistent with the activa- 
tion of inward currents. 

Longitudinal stretch-activated inward currents. When 
the membrane potential was held at -100 mV in 
Tyrode solution, stretching the cell elicited an inward 
current (Fig. 3). This current activated without visible 
delay after initiation of stretch and was maintained 
during stretch. After release, the current returned to its 
prestretch level. While the cell remained attached, 
repeated stretching gave nearly the same response. For 
example, in one of our more extensive experiments in — 
4), the mean current was 1.03 ± 0.18 pA/pF at -100 
mV. Currents elicited in Ca^^-free or low-Ca^^ (0.2 mM) 
solutions were similar to those obtained in normal 
Tyrode solution. Because the cells were much more 
likely to contract after being attached to the pulling 
pipettes in normal-Ca^* solution than in low-Ca^^ 
solutions, we usually conducted experiments in Ca^^- 
free or low-Ca^* Tyrode solution. 

The stretch-induced current was not an artifact of 
membrane breakage, because cells loaded with flue 3 in 
normal-Ca2+ medium did not show significant leakage 
of Ca2+ while being stretched (re = 3, Fig. 4). The 
strain-induced currents did not seem to originate in the 
vicinity of the patch pipette because even small, deliber- 
ate movements of the pipette evoked no measurable 
current. 



Because Gd^* is a blocker of many SACs (15, 57), we 
examined its effect on the whole cell currents. In one 
cell, 40 pM Gd3+ blocked inward currents by 60%. In 
another cell, 100 pM Gd^* reduced the current by 90% 
(Fig. 5). The block by Gd^* was partly reversible after 5 
min of washout. 

Octanol, a gap junction blocker (45), did not have any 
significant effect on the mechanosensitive current (Fig. 
6). The mean current was 93 ± 29 pA in control and 
79 ± 10 pA in 100 pM octanol. The difference was not 
significant (P = 0.05, re = 4). 




Fig. 3. Stretch-induced inward current of a rat ventricular cell. A: 
trapezoidal stimulus pulse that drove piezomanipulator. Stretching 
paradigm was trapezoidal to reduce parasitic medianical oscillation, 
a-rf, time at which images were taken corresponding to Fig. 1. B: 
whole cell inward current that started without obvious delay and was 
sustained during stretch; cell membrane potential was held at -100 
mV. Bath contained normal Tyrode solution; cell capacitance was 
87 pF. 
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Fig 4. Fluo 3 Ca2* images did not show local leakage during stretch in nornial Tjn-od evolution ^ S^T ca^*»^ 
rm«\rt nf a fluo 3-labeled cell being held by pipettes. A small amount of transmitted light was added to 
LpMlUinatt^ ir^ide "lasi that makes pipettes visible. Small squares indicate areas oHiJ^re^^^^^ 
measurT fluo HiE^ over time. B: fluorescence images of cell before stretdx (transmitted lUummation remo^^>- 
TfiuorLcence image d^^^^^^^ stretch (as in B), D: fluo 3 brightness signals (arbitrary un ts) from small regions of 
^teres^mX^^ 0, and black is value 255. Stretch was applied at 3 min. C^^i ^ 

^M^flt ??or 30 mfn ir^^^^^ solution. Difference in absolu^^ 'r^^j^foc^^^^^^^ ' ' 

reflect compression of cell by pipettes forcing more of the cell to be m the effective focal volume. 



I,uretch has a reversal potential of -6 mV, We examined 
the voltage dependence of the currents in Tyrode 
solution by applying test pulses between - 120 and +20 
mV from a holding potential of -100 mV. Because 
stretching the same cell more than four times without 
losing the attachment was very difficult, we collected 
the data from four different cells and normalized the 
currents by the cell capacitance. The cells were stretched 
5 pm, equivalent to -3% strain. All currents were 
calculated as the mean current between the rising and 
falling phases. The mean current-voltage (/-V) curve 



\ 



3 um 



(Fig. 7) showed an essentially linear relationship with a 
reversal potential of - 6 mV. 

hireich increase with SL, By programming the voltage 
sent to the piezomanipulators, we could apply different 
global strains to the cell. Video images of cells before 
and after stretching were grabbed into the computer, 
and mean SL was computed from the power spectrum 
of the images. Figure 8 shows that in the narrow range 
of strain available, the change in mechanosensitive 
current was approximately linear with both SL and 
strain. Both SL and SL strain were fit to the current by 
linear regression. At -100 mV, the former follows the 
relationship / (pA/pF) = 8.3 - 5.0SL (pm), and the 
latter follows /(pA/pF) = -0.30SL%. The first equation 
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Fie 5. Stretch-activated inward current blocked by 100 pM Gd^*. A: 
stretching protocol. B: control. C: with Gd3+ . D: partial recovery after 
5 min of washing. Cell was in normal Tyrode solution at a holding 
potential of - 100 mV, 
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FiK 6. Octanol does not significantly affect currents. A: stretching 
protocol. B: control. C: with 100 pM octanol in bath. Cell was in 
normal Tyrode solution at a holding potential of -100 mV. 
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Fig. 7. Current-voltage (/-V) relationship, normalized to cell capaci- 
tance, is nearly linear, with a reversal potential of -6 mV in TVrode 
solution. Cells were stretched by 5 pm, equivalent to -3% strain; 
mean resting SL was 1.79 ± 0.02 pm (n = 4). Line, linear fit of 
experimental data by / (pA/pF) - 0.012V (mV) + 0.07. 

predicts that SAC currents will persist to 1.66 }im. The 
95% confidence limits, however, include zero current at 
longer SLs, and we do not trust the precision of this 
prediction. There are probably small-scale nonuniformi- 
ties in SL that do not show up in our first-order analysis 
of the diffraction pattern. The sample size and the 
optical resolution in three dimensions limit the effec- 
tive resolution of the SL. The net result of these 
systematic and random errors is scatter in the data. In 
Fig. SB, the large fraction of data points outside the 
95% confidence intervals suggests some significant 
nonrandom errors such as a nonuniform SL distribu- 
tion, ... 

Na^ is the main carrier of mechanically sensitive 
currents at resting potential. Because /stretch was inward 
at -100 mV, that current must be carried by an influx 
of cations, an efflux of anions, or a mixture of the two. 
Replacing CI" in the pipette solution with F" produced 
similar ctu-rents in = 5, see Fig. 9 for example), 
suggesting that the current was carried by cations 
rather than anions ( 13). 

To examine the components of the cation influx, we 
superfused the cells with Tris-Ty^ode solution in which 
Na"^ was replaced by Tris+. The heart cells were not 
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Fig 9. Replacing CI" in pipette solution witii F" produced a typical 
inward current, suggesting that stretch-activated current is not a CI - 
efflux. A: stretching protocol. B: stretch-activated current. Cell 
capacitance was 72 pF; holding potential was -100 mV. Cell was m 
normal lyrode solution. 

stable for long in this nonphysiological Tris-Tyrode 
solution, so perfusion was started only 3 s before 
stretching and was shut down 1 s after the cell was 
restored to its original position. Figure 10 indicates 
that inward currents were largely reduced in the 
presence of Tris-iyrode solution in = 2), suggesting 
that Na+ is the main carrier of the currents at resting 

potential. i.^ i. u 

Stretch-activated ion channels are thought to be 
responsible for the mechanically sensitive current, so 
we looked for single channel currents in cell-attached 
patches. Much to our dismay, we recorded no single 
channel activity. Dozens of patches were tried using 
three different setups and the assistance of two addi- 
tional independent and experienced investigators. In 
no case were we able to observe stretch-activated single 
channel currents. Despite its negative character, this 
result correlates with the absence of publications on 
SACs in adult mammalian ventricular myocytes. 

Modeling Istretch^ The experimentally obtained I-V 
curve for /stretch was well fit by a straight line represent- 
ing the equation 

/.treuh = 7,treUh.Na(8.3 " 5.0SLX£„ " ^N.) 

+ 7«re«h4((8.3 - 5.0SL)(£;„ - Ek) 

where -/streich.K = 0.9 nS and 78treuh.Na = 117 ^^S, given 
the model rat's nominal whole capacitance ot 200 pJ? 
(see Fig. 7). These values were used with the equation 
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Fig. 8, Relationship between SL and mechanic 
cally activated current at a holding potential of 
-100 mV. A: linear regression of SL i)im) vs. 
current density (pA/pF) by equation Y aX + b 
gives relationship / « 8.3 - 5.0SL. B: linear 
regression of strain. SL% (% change of SL) vs. 
current density (pA/pF) by equation Y ^ aX gives 
relationship / = -0.30SL%. Solid line, mean 
regression; dashed lines, 95% confidence limits 
calculated in Origin 5.0. Confidence limits are 
based on Gaussian distributions of errors. Data 
were collected from 6 different cells labeled by 
different symbols. 
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above to test the effect of /stretch on the rat action 
potential and compare it with the experimentally ob- 
tained results. 

Because of the experimental complexities of keeping 
the cell attached to the pipettes and in whole cell 
voltage clamp while applying strain to the cell, the 
experimental stimulation frequency used was only 0.2 
Hz. Decreasing the stimulation frequency of isolated 
rat ventricular cells increases the APD and increases 
calcium loading of the SR (27). However, this has little 
effect on the APD in the presence of 10 mM EGTA. The 
result of stimulating an action potential at 0.2 Hz in the 
absence and presence of laueuh (based on SL of 1.89 >mi), 
with an extracellular calcium concentration of 0.2 mM 
and 10 mM intracellular EGTA, is shown in Fig. 11. 

The duration of the modeled cell action potential is 
shorter than that observed experimentally, but this is 
easily explained by the difference in temperatures: the 
nominal temperature of the model cell is 3TC, whereas 
the experiments were performed at room temperature. 
Kiyosue et al. (23) demonstrated that a decrease in 
temperature of S*' resulted in an increase in guinea pig 
APD from 146 to 314 ms. The difference between the 
model and experimental temperatures in our data is 
IV^C. 

Activation of /atreuh depolarized the restmg mem- 
brane of the cell and lengthened the action potential 
throughout its duration (i.e., at both APD50 and APD90). 
A small stretch-activated current with the I-V relation- 



Stretch 




Fig. 10. Stretch-activated current was reduced when extracellular 
Na* was replaced by Tris-^. A: stretching protocol. B: stretch -induced 
currents in normal lyrode solution. Bath contained Tyrode, as did 
perfusate. Beginning of su perfusion flow produced a transient upward- 
going current caused by changes in liquid junction potential. C: 
currents with cell superfused with Tris-iyrode solution (Na* re- 
placed by IVis*). Stretch-induced current is greatly reduced, suggest- 
ing that most ofit is carried by Na+. Exposure of cell to Tris-saline 
produced a large outward background current. Cell membrane was 
held at -100 mV, and Ca^* concentration was 0.2 mM in bath 
solution. 




Fig. 11. Simulated rat ventricular action potentials at 0.2-Hz stimu- 
lation frequency with 10 mM EGTA inside cell and 0.2 mM Ca^^ 
extracellular solution. Solid line, control; dashed line, stretch. Rest- 
ing potential is elevated and action potential is prolonged with 
stretdi-activated current. 



ship shown in Fig. 7 could be responsible for the 
experimentally observed effects on the action potential. 

DISCUSSION 

This is the first study of stretch- activated whole cell 
currents in mammalian cardiocytes iinder controlled 
strain. We were able to show that in rat ventricular 
cells stretch activated a gadolinium-sensitive, noninac- 
tivating, inward current. Our data are similar to those 
published for other heart cells (20, 39) and smooth 
muscle cells (9, 52). 

SACs in heart cells have been reported to be nonselec- 
tive cation channels (8, 33) or CI" channels (12). In our 
experiments, /stretch was not significantly different when 
the pipette solution contained CI" or F , suggestmg 
that these currents are carried by cations. Further 
experiments are needed to define the selectivity more 
precisely. Removing external Ca^^ did not significantly 
affect the current, suggesting that Ca?^ does not act as 
a significant charge carrier or a second messenger, 
although Ca2-^ is probably a permeant ion. Replacing 
Na-^ with Tris"^ reduced the current, although the 
blockage was not complete, /stretch in rat heart cells 
appears to be cation selective, with Na^ acting as the 
major permeant ion at resting potential, Wellner and 
Isenberg (52) reported that in guinea pig smooth muscle 
cells, stretch increased a voltage-activated potassium 
current and reduced a calcium current. In heart cells, 
however, there is no evidence to suggest that stretching 
has any effect on voltage-sensitive channels (20, 39). 
Because of the experimental difficulty with our prepara- 
tion, we did not directly check the effect of stretching on 
voltage-sensitive currents. However, we did observe 
that changing the membrane potential to -40 mV and 
removing Ca^^ from the bath solution produced little 
difference in the time course of the mechanically acti- 
vated currents. Thus it is unlikely that voltage- 
dependent K+, Na-^, or Ca^-^ channels are responsible 
for the mechanosensitive currents we observed. 

Heart cells shorten >10% during contraction, but 
they are not readily stretched. In our system, 2-5% 
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strain was possible. In some experiments, we moved 
the stretching pipette 10% of the cell length, but the 
attached cells would either contract immediately or slip 
out of the holding micropipette. In the latter case, the 
cells usually contracted into a ball in a few seconds. 
With a resting SL of 1.77 pm, our results showed that 
<5% strain was sufficient to evoke stretch-sensitive 
currents. Comparing the passive elastic properties 
from detergent-skinned isolated cells and intact car- 
diac tissue, Brady (4) suggested that intracellular 
structures may contribute measurably to total cardiac 
passive elasticity at SL < 2.2 pm, whereas extracellu- 
lar elements form the major limitation at more ex- 
tended lengths. Furthermore, he suggested that these 
intracellular structures were probably related to the 
cytoskeleton rather than membrane elements (5). Our 
data are consistent with a model in which stress in the 
membrane is coupled through the intracellular cytoskel- 
eton to the channels. 

How much current is contributed by SACs at "rest- 
ing" SLs is difficult to determine and could only be 
measured with a specific inhibitor, which Gd^"*^ is not. 
Our definition of a mechanically sensitive current is 
one that changed with stretch of the cell, so that it is 
only a differential measurement. In Fig. 8 we plotted 
current versus SL during stretch and versus SL as 
strain. Taken literally, Fig. 8A suggests that at SL = 
1.75 pm there would be —1 pA/pF of inward current 
from SACs. This plot is of necessity made from differen- 
tial data arising from different cells, and without 
allowance for a variation in SL throughout the cell (only 
the Ist-order diffraction line was used to define SL) we 
cannot place much confidence in the amplitude of the 
resting current. Furthermore, the resting current in 
isolated cells is unlikely to be the same as in cells in situ, 
where the normal extraceUular contacts are in place. 

We made multiple attempts to record stretch- 
activated ion channels from tight seal patches on the 
rat ventricular cells, but we never recorded single 
channel activity. Reviewing the literatiu-e, we found 
that all the reports of single channel stretch-activated 
activity in heart cells were obtained from neonatal (8, 
20, 22), atrial (19, 50), or cultured (33, 38) cells. There 
are no data on freshly isolated ventricular cells. There 
appear to be three possible explanations for this ab- 
sence of single channel data. 

First, the channel density may be low, so the chance 
of catching one channel in a pipette is small. Is this 
reasonable? Our maximal currents were ~1 pA/pF at 
- 100 mV. This current corresponds to a product of the 
unitary current and the probability (P©) of being open. 
If the single channel conductance had a typical value of 
— 25pS, the single channel current would be -^-2.5 
pA/channel at -100 mV. There is 1 pF of capacitance 
for every 100 pm^ of membrane, so we would expect 
that the minimal density (if Po = D is 1 channel/40 pm^. 
Because cell-attached patches have areas of 10-30 pm^ 
(34, 43), we might expect to see a channel in every other 
patch. Po is probably <<1 in the whole cell experiments 
because the strains were small and there was no hint of 
saturation in the plot of current versus SL. Conse- 



quently, there should have been a higher density of 
channels, and we should have seen them in most 
patches. SACs typically occur with a density of ^1-3/ 
patch. It does not seem likely, therefore, that the 
absence of single channel activity came from a low 
channel density. 

A second possibility is that SACs are not in the 
surface plasmalemma but are located in the T system 
and hence invisible to plasmalemmal patching but not 
to whole cell stretching. An intracellular location for 
the channels, although an experimental nightmare, 
has conceptual appeal because strain may be better 
sensed in the contractile cell interior than in the 
convoluted plasma membrane. This interior membrane 
explanation would fit with the sensitivity of the cells to 
suction applied to the pulling pipettes and with fluores- 
cent imaging showing Gd^"^ -sensitive Ca^^ waves in- 
duced at the site of mechanical deformation (W. J. 
Sigurdson and F. Sachs, unpublished observation). 

The third possibility is that formation of the patch 
disrupts channel activity in these cells. Patch forma- 
tion is a major perturbation of the mechanical proper- 
ties of the membrane and cortical cytoskeleton (1, 16, 
36, 42, 43, 51). It is possible that some important 
structure in the adult ventricular cortex is disrupted 
under stress. 

Physiologically, the effect of stretch is most likely 
expressed through changes in the action potential, 
although it also will affect the filling of Ca^^ stores. In 
many recordings of action potentials from intact tissue 
under stretch, the duration of the plateau is reduced 
and the tail of repolarization (phase 3) increases, 
leading to a crossover, or apparent reversal potential of 
the mechanosensitive current, at about -20 mV (35, 
58). In intact rabbit heart, a long static stretch created 
by inflating a balloon in the left ventricle extended the 
APD. The peak amplitude of the stretch-activated 
depolarization from rest and repolarization from the 
plateau exhibited a linear relationship to voltage and 
volimie change (58). In single guinea pig cardiac myo- 
cytes, a 3% strain did not affect the resting potential 
but did decrease the APD (10, 54). 

The rat ventricular action potential is significantly 
different from that of the rabbit and guinea pig, be- 
cause it lacks the prolonged plateau and, during the 
contraction cycle, has a much greater reliance on 
calcium released firom the SR rather than plasmalem- 
mal calcium entry (46). As a test of whether the 
observed currents could account for the effects of stretch 
on the action potential, we simulated the rat action 
potential using the HEART program fi-om Oxsoft. We 
introduced a stretch-activated current, /atretch* that was 
permeable to potassium and sodium ions and closely fit 
the experimental I-V curve . 

The addition of this simple current could account for 
the depolarization of the resting potential and the 
observed changes in APD. At the negative potentials of 
the rat plateau, the reversal potential of the stretch 
current near 0 mV caused a net inward current and 
therefore prolonged and depolarized the action poten- 
tial throughout its course. In cells with a high plateau 
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and a lower reversal potential of /atreuh (approximately 
-20 mV), such as those of guinea pig and rabbit, there 
is a shortening of the plateau but prolongation of APD90 
and a crossover potential during phase 3. White et al. 
(54) observed a stretch-induced reduction in APD in 
guinea pig, possibly reflecting the differences in the two 
preparations. 

Although stretching single cells would appear to be 
the most reductionist level for studying the effects of 
stretch on whole cells, there is a fundamiental problem 
of interpretation that is not readily resolved: What are 
we p\illing on? The response of cells to mechanical 
deformation depends, in general, on which chemical 
groups are being distorted. For instance, in a study of 
cultured vascular smooth muscle cells subjected to 
periodic strain, Wilson and Kaczmarek (55) found that 
production and secretion of platelet-derived growth 
factor and DNA depended on the chemical composition 
of the substrate. Collagen, fibronectin, and vitronectin 
were effective, but little response was observed on 
elastin or lairiinin. Similarly, if the cells were cultured 
on pronectin or laminin, cyclic strain caused differen- 
tial expression of mitogen-activated protein and amino 
terminal kinase (32). In fibroblasts, mechanically in- 
duced increases in cell Ca^* occurred when 02- or 
Pi-integrin subunits were stressed but not the transfer- 
rin receptor (31). L-type Ca^^-channel currents can be 
activated or inhibited by diff'erent ligands for the 
integrins (56). These kinds of data warn against extrapo- 
lating from isolated cells to cells in their normal 
environment. Aside from the technical difficulties of 
stretching isolated cells, it is important to get data from 
cells in their native mechanical environment. Only 
with that data in hand can we properly extend the 
studies on isolated cells to discover which ligands 
produce the responses observed in vivo. 
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